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ELEMENTARY PARTICLES AND COSMIC RAYS

V. A. Bezus and |I. L. Rozenthal'

Annotation: This collection presents the papers on elementary
particles and cosmic rays completed in recent years at the
Chair of Experimental Nuclear Physics of MIFI. In order to
expand the reading audience a significant place has been
given in the collection to survey and semi-survey papers
which recount the results of certain trends being developed
at MIFI. The article contains both theoretical and experi-
mental papers and methodical developments. A large number of
the papers is devoted to the study of cosmic rays (the
passage of cosmic rays, the study of cosmic p mesons, pho-
tons and the primary spectrum, etc. A number of papers were
completed on the basis of materials obtained in an accele-
rator, and will contain the methodology of processing the
results. The collection is intended for scientists,
graduate students and students majoring in the physics of
elementary particles and cosmic rays. The article contains
69 figures, 16 tables, and 232 references.
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NASA TT-F 588
COSMIC RAYS AND VERY SLOW PARTICLES

1. L. Rozenthal'

ABSTRACT. The purpose of this paper is to show that an area
exists where the characteristics of relativistic interactions
overlap with properties of extremely slow particles (com-
pared to cosmic rays). A significant fraction of cosmic

ray energy is converted into ionization, i.e., into kinetic
energy of slow electrons with energies of the order of 10-
1,000 electron volts, i.e., close to the ionization poten-
ttal. Before the energy of these electrons is converted into
heat, they will radiate (during atomic excitation or during
deceleration), which leads to new phenomena. The paper describes
the various mechanisms which generate slow particles.

I. Introduction

It is usually assumed that the properties of cosmic rays are worked out
by the characteristics of the interaction at relativistic (or quasi-relativis-
tic) energies. A similar concept is related to a significant degree to the
known characteristic of the energy spectrum of primary cosmic rays--its
geomagnetic cut-off at energies of the order of a billion electron volts. Di-
gressing for the meantime from the hypothetical existence in interstellar space
of subcosmic rays with an energy less than a billion electron volts, we can say
that just familiarity with fast cosmic particles is the physiological basis of
a similar point of view. The purpose of this article is to show that a branch
exists where singularities of relativistic interactions intersect with pro-
perties of extremely slow particles (compared to cosmic rays). The idea of
such a position is quite simple. A significant part of the energy of cosmic
rays is transformed into ionization, i.e. into kinetic energy of slow electrons
with energies of the order of 10-1000 electron volts, i.e. close to the ioni-
zation potential. Before the energy of these electrons is converted into heat,
they will radiate (when the atoms are excited or decelerated), which leads to
new phenomena.

There is a serious barrier in the path of the quantitative study of this
cycle of phenomena. As far as approaching a critical energy--the ionization
potential I (I ~ 10 electron volts), usual computation methods, particularly
the first Born approximation, become unsuitable. Unfortunately, other more
modern methods of calculating the cross-sections also do not afford confidence
in the accuracy of the results obtained with their help in the area of very
low energies. On the other hand, these methods differ from the Born approxi-
mation by the awkwardness of their results. We shall therefore use in our es-
timates either the Born approximation or rely on experimental data.

*Numbers in the margin indicate pagination in the foreign text.

/3%



Although this article is devoted to consideration of the effects related
to the passage of cosmic rays through matter, we shall note nevertheless that /4
similar phenomena must play a very important role in many other branches of -
this. It is.possible that the Northern Lights and scintillations encounters
are caused to a significant degree by a similar mechanism.

2. The Spectrum of Secondary Electrons

The basic mechanism of slow electron genesis is the §-process. The pro-
bability W (EO, E)dE of 8-electron formation with an energy in the range of

EdE, and with the particles with an energy EO is determined by the familiar
expression

2Cm dE [, o E 1 E Y]
W (Eo, E) = =5 e N i i G N o
max
where
C:ﬂnirg; E =2m Pz' — ;
’ A max m? 4 M? 4 2m (P2 - M»)'/z

n is the number of atoms in a column having a height equal to the length of the
path and a cross-section of 1 cm?; the speed of light C = 1; m is the mass of
the electron; B is the speed of the incident particle; P and M are the pulse
and mass of the incident particle; and E and EO are the kinetic energies of the

electron and the incident particle,.
For a more interesting case (for us) P < Mz/m, Emax ~ 2m(82/1582). If M<
m \)2]

<m and EO ~ M, the last member in expression (1) is negligible {ng—— |

Al
The probability of §-electron formation in a hydrogen layer having a thickness
x = 1 g/cm™2 for this case is

; 0,3m dE _E [ M2
W(Em E) dE = p2 Ee2 [1 ?mx»( E, ) ] (2)

We shall assume that the differential spectrum of primary cosmic proton is in
the form:

. [AEyYdE, when E,>500MeV =Epin;
PAEy) dE, = { 0 when E, < 500 MeV. (3)
where EO is the kinetic energy of the protons and Mev, vy = 2.6, and A = 105.



The spectrum of (3) is a rough approximation of the spectrum of primary
cosmic rays in the solar system. The value of index y in the true spectrum

begins to decrease in the range of EO ~ 1 GeV and passes through zero in the
range of EO ~ 500 MeV. Therefore, the following analyses claim an accuracy

only by the order of magnitude.

We should also note the other circumstance. It is assumed in computations
that primary cosmic rays consist of protons. Calculation of complex nuclei
in the composition of primary radiation approximately doubles the number of
§-electrons.

The spectrum of §-electron generation is

T(EdE=dE | W(E, E)P(E,)dE, 4
Eomin® )

where

500 when E < 2 MeV;

Eimir={M 1 2E 1 2
0 Lh/wm 1}venE> Mev. )

We obtain . 0,2
I(E)ZE;'

E < 2 MeV; - (6)
—(r—
I (E) — 07{/95 _1] :

m

2< E< 6 MeV;

L
2

m (7
E? (75) ;

E > 6 MeV. (8)

I'(E) =

with an accuracy of 15-20% from formulas (4) and (5).

It is apparent from expressions (6)-(8) that the probability of §-electron
formation with an energy ~1 MeV is quite high. It exceeds by 5-6 orders the
probability of electron formation during m-u- -e-decayl. It is more important
for subsequent calculations that the generation spectrum (see expressions (6)-
(8)), and the energy spectrum s (E) of secondary electrons in cosmic space.
Approximately

I The ‘spectrum of electron generation occurring during m-u-e-decay was computed
by V. L. Ginzburg and S. I. Syrovatskiy [1].
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& (E)=T(E) R (E), (9)

where R(E) is the mean path of an electron with an energy E. In order to de-
termine the. spectrum of & (E) it is necessary to solve the kinetic equation.
When the spectrum does not depend on time (this case apparently occurs), the
kinetic equation may be written in the form

d? dE (10)

d7r aJ”
—d;‘-—I‘(E)-}' E i

Assuming that the spectrum of 4 at any point of space is identical, we obtain /6

E
)= (LB
dE
8 o (11)
L
In a special case when I'(E) ~E~v and __gE ~E® (y, a— are
dx
constants and the integral of (11) is converted into expression (9). For re-
lativistic particles o = 0! (in the energy ranges of E ~ 0.1-1 MeV for aluminum
a ~ 0.3 [2]). In a non-relativistic case [3]?

dE._ 2Cm?, E o 2
o e ALy 0 12

Ignoring the logarithmic dependence for the power spectrum of % (E), we will
obtain (9).

We should note that formula (12) is valid only for a case of E> I. The
whole difficulty of a quantitative analysis of the effects related to the slow
particles (about which we talked above) is the impossibility of accurately
assessing the role of electrons with energies < I.

3. The Origin of Isotropic Cosmic X-Radiation
Two types of cosmic X-radiation have been discovered in recent years--
a) that related to specific point sources and b) the isotropic component of

X-radiation clearly unrelated to point sources.

We shall attempt to explain the latter phenomenon in this section of the
article. A number of hypothesés now exist explaining isotropic X-radiation.

T Tgnoring the logarithmic increase of ionization as energy increases.
2 Pormula (12) takes into consideration total losses including the energy of
atomic excitation.
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The most interesting in our view will be those related to a very hot universe
[4, 5] and the reverse Compton effect of metagalactic electrons in relict
photons [6, 7].

We shall make a distinction here between the different explanations of
isotropic X-radiation, which is a very interesting question in itself. It is
not possible to explain this at present; additional measurements of the energy
spectrum of isotropic X-radiation are needed for this. We shall dwell in more
detail only on an explanation of isotropic X-radiation. Quite similar ex-
planations were expressed independently by Hayakawa and Matsuoka [8] and by
this author [9]. We shall use expression (9) to calculate the spectrum of

9°(E)» assuming that the electron path is

R (E)=0,25E%® when E<2 MeV, (13)
and
R(E)=§E_7 when E > 2 MeV. (14)

Relation (13) was obtained by extrapolation of the value of the path in
aluminum [2] with consideration of the fact that the mean ionization losses in
hydrogen are approximately 1.5 times greater than in aluminum. Relation (14)
reflects the fact that the mean losses for the relativistic particles comprise
3.7 MeV/g/cm?.

The number of photons with energies of w and dw; formed in a 1 g/cm_2
layer is

T = [ &(E)s(E, w)dw, (15)
Amin
where Emin = 0.01 MeV (insofar as we are interested in X-ray photons with an

energy of 0.0015-0.007 MeV).

We further assume that the probability or(E, w)dw of photon Bremsstrahlung
with an energy of W and dw, having an electron with energy E on a path of
1 g/cm=2 has the form:

.10—3
s, (E, w) =38 w " (16)

Formula (16) is valid if E> 2 MeV (an ultrarelativistic case, complete
shielding)



o, (E, w)=

10—3% m 4E
. —E-ln—:w—. (17)

Formula (17) was obtained from the familiar formula for Bremsstrahlung of
non-relativistic electrons in which E = E! (where E! is the energy of the
electron after collision) was placed under the logarithmic sign for analysis.

Formulas (16) and (17) join poorly since they are both valid only by an
order of the magnitude in the intermediate range of E ~ m.

Using formulas (6)-(8) and (16)-(17), it is easy to establish that 1.2-
1.3+10"2 particles/(cm?-sec) are emitted at 1 g/cm-2 in the range of 1.5 < w <
< 7 kiloelectron volts.

The length of the path according to the visual beam is 6102 g/cm_2 in a
direction toward the galactic center. Therefore, a flux of decelerated photons,
determined by the &§-process from nucleons with an energy of E0 > 500 MeV, is

equal to 1073 particles/cm—z/sec-l/steradian_l, wh1ch is approx1mate y three
orders less than ‘that observed (5 particles/cm” 2/sec-1/steradian- ) [10].

We shall try to estimate the possible photon flux generated by S-electrons
which form in turn sub-cosmic protons (E0 < 500 MeV). Nothing is known of the

presence of such protons in interstellar space. Let us assume that the spec-
trum of sub-cosmic protons has the form

P, (E,)dE, = BE3" dEy (10 < E, < 500 MeV), (18)

where constants B and Y, are determined from the conditions: 1) joining of both
spectra when EO = 500 MeV and 2) the equality of the calculated value of X-

ray photon intensity to the experimental value.

For the spectrum (18)
dE 500 »
T (E)dE = 0,15BmM —- XEO—(V,. )
ME_
4m

x[l—i(l—%ﬂdl‘:o-

m

(19)

Using the conditions of joining and relations (13) and (17) we obtain a

103 2%

- in th f 1.5-7 KeV 1 to —/ .
v-photon flux in the range o eV equal to R



Assuming this expression to be equal to 5 (the experimental value of
the X-ray flux, we obtain Yy ~ 2.3. The hypothesis of the existence of sub-

cosmic rays! is also advanced in [8] to explain isotropic X-radiation. How-
ever, "internal' Bremsstrahlung-photon emission when electrons are accelerated
during the §-process?--is considered instead of ordinary Bremsstrahlung. A
serious question arises about the argumentation for the existence of sub-
cosmic rays. Hayakawa and others [11] advanced the hypothesis for the exis-
tence of a large flux of sub-cosmic rays, connecting them to heating of the
interstellar gas. V. L. Ginsburg and L. M. Ozernoy [5] linked metagalactic
sub-cosmic rays to a model of a hot universe. It is necessary, however, to
note that the enrgy of cosmic radiation determined by (18) will be approxima-
tely 1.5-2 orders greater in the galaxy than the energy corresponding to the
spectrum of (3). It is difficult to reconcile the circumstance with the pro- /9
posal that the basic sources of galactic cosmic rays are supernova (assuming
the invariability of frequency and output of supernova flares). On the other
hand, a certain argument in favor of the 6-mechanism considered is the un-
constrained explanation of a large number of electrons with an energy of ~ 1
MeV, observed beyond the boundaries of the atmosphere [12]. It is important to
determine the sign of the charge of these electrons in order to verify the
stated hypothesis.

L. The Energy Balance of Cosmic Rays in the Galaxy

Let us now examine the channels for dissipation of cosmic ray energy during
their passage through the interstellar medium. This question is important from
the viewpoint of cosmic space being heated by cosmic rays [4, 5, 11].

Although it is considered natural that the entire energy of cosmic rays
is converted to heat, in reality, this question is far from clear because of
the presence of an intermediate S§-mechanism.

Let us assume henceforth that cosmic rays consist of nucleons, and inter-
stellar gas--from non-ionized hydrogen. Although there are heavier nuclei in
the primary component of cosmic rays, and although interstellar hydrogen is
partially (~10%) ionized and atoms and heavier elements are present in the
interstellar medium, the corrections determined by the effect of these factors
are apparently less than the ambiguity of the cross-section values at very low
energies (E ~ I).

Papers [13, 14] analyzed the fractions of cosmic ray energy converted into
different components--in order of 1/4 total energy as converted into photons,
an order of 1/3--into neutrinos, an order of 1/7--into electrons, and an order
of 1/4--into ionization. Neutrinos and photons leave the galaxy almost without
hinderance [1]. The fate of electrons is more interesting, the energy of which
is substantially (or even completely) expended within the boundaries of the
galaxy, It is not difficult to estimate the energy spectrum P (E ) of electrons
generated as a result of nuclear interactions and subsequent decays

! True, with a spectrum somewhat different from that of expression (18).
2 This effect was calculated in the classic manner.



P,(E,)c~>P(E,) -Ey>0,05E; pin;
(20)
P,(E)=0 E,< 0,05E, pin,

where E0 is the initial energy of the electrons.

The equation describing the equation of electrons in time has the form

dE :
__E.=c+.bE+aE2. (21)
Assuming that the density of interstellar gas is n - 0.1 particle/cms, /19_

and the intensity of the magnetic field in the galaxy is H = 5+10"% oersted,
we obtain ¢ = 2.5+108 sec™!, which is a term describing ionization losses of

b = 5.5-10"17 sec’l, and bE is a term corresponding to Bremsstrahlung losses.
This term in a certain range is actually weakly (logarithmically) dependent

on the energy of the electrons and photons. Its numerical value is selected
when E = 50 MeV and when no shielding conditions exist, i.e. at photon ener-
gies comparable to an energy of EO. (This range is greater when calculating

total losses). It is necessary to consider shielding for E and relatively weak
photon energies, i.e. X-ray or light energies. In this case b = 7.3+10°17
sec-l. Thus,the losses accordin% to formula (21) are approximately 1.3 times
less than actual losses;a = 10-2° (electron volts per second)'l. The last term
in the right member of equation (21) describes losses to magnetic Bremsstrah-
lung and the reverse Compton effect,.

It is assumed when calculating the coefficient of a that the density of
Woh photons in the galaxy is < 1 ev/cm™3 1

Solving equation (21) we obtain

A 2 b +2%2E, Vi b .
E =_‘Q—tar{[ arctam e '—t] }"——_’

2a A /A 2 2a
v } (22)
A = aac — b2
Hence, it is easy to determine the line of the electrons relative to total
losses. '
T, =2 020 o ictan ) 23
.= }/K-%rctan”iay arctan (23)

T Calculations of the coefficients of a, b and ¢ were based on the results of
paper [1].

8



Let us write total energy losses for each of the processes separately.
gt =T
Te
e = [ E ()t 24)

T,
tomr = @ [ [EQ)2 4L,
0

where €ei’ Ser’ and Comr 2TC total losses to ionization, Bremsstrahlung and mag-

netic Bremsstrahlung respectively. Let us cite as an example the energy losses
for two values of E, with consideration of the influence of the reverse Comp-

ton effect where W = 0.3 ev/c:m-3 (Table 1).

Table 1

|
Ec,x10—7e+aei,x10_év'l for, X107 By

Semry X ‘°~7e\L Celey X 10—7ey

50 28 13 6,4 2,2
200 45 52 60 20

Losses due to the reverse Compton effect are given in the last column on
Table 1. We note that the relative (in %) dissipation of energy along dif-
ferent channels is strongly dependent on the value of n (Table 2).

A substantial role in the distribution of relative losses is laid by the
density of wY photons (Table 3).

Table 2 Table 3
n(CM_?’) € & mr wy (3s.c.n—3) e | & € £k
0,1 58 | 27 15 0 40|34 32 .0
0,01 30 10 60 1 34{24| 23 93
10 26| 81 10 70

The calculations and Tables 1-3 were done numerically with an accuracy of
5%. The values of relative losses in Tables 2 and 3 are presented after they
have been averaged according to the spectrum of electrons of (20). Let us now
try to clarify the specific forms of energy transfer initially expended by cos-
mic rays due to ionization. For this purpose, we must know the effective cross-
sections of collisions at low energies. We shall give a summary of the cross-
sections of elementary processes in this energy range and their approximations.
We shall use formula (2) without a second member right up to an energy of



E = 35 ev for the cross-section of hydrogen atom ionization; we shall assume
do6 = 0 at lower energies. A similar approximation has the following basis:

a) the second term in the energy range of interest to us comprises 10-3-10-5

of the first; b) after integrating dca by E6 we can obtain the value of a
total cross-section of Os ionization and can correlate it with the experimental
data of [15]. It turns out that Gext/oa = 1.7 when E = 200 ev, at the same

time that o /c6 = 0.6 when E = 40 ev.

ext

According to the analysis of [16], the total cross-section of 66007%
o

during d-electron formation in an energy range of 13-100 ev, which also agrees
with formula (2).

The cross-sections of hydrogen atom excitation during collision of slow
electrons. Basically, excitation is determined by the ls - Zp-~transition
(see the summary of excitation cross-section in the Born approximation).

The results of experimental study of 1s - 2p excitation cross-sections is

given in Fayt's article [17]. The cross-section in the range of 10-250 ev may
be approximated by the following expression:

%,(E—s)  10<E<20 ey

20 <E < 250 ev
92 =\ oo (25)
el B 250 ev>E,
E
Oy~ 10.16 cm2; and €, is the excitation energy of the second level.

Elastic collisions. The cross-section of Oy ~ 12 00 when E = 12 ev and

then drops faster than 1/E2 to energies of 50 ev [18]. A fraction of energy
equal to m/M E ~ 5-107 1is converted to hydrogen on the average during each
elastic collision.

Let us consider the processes which occur as ionization energy is absorbed.

Since total ionization and excitation cross-section is ~ 1E at 100> E > 250
ev, and the cross-section of elastic collisions decreases significantly faster,
it is clear that multiple ionization and excitation will take place to energies
of E 2 250 ev; the elastic processes play a negligible role. All three of

the processes mentioned above become important in the range of E < 250 ev.

In proportion to electron deceleration, excitation and elastic collisions are
beginning to play an ever more important role.

According to our analyses which rely on the cross-sections presented above,

it turned out that approximately 25% of all ionization energy is converted ir-

reversibly into elastic collisions, and the remaining 75% is converted into lye,

mainly into a Lyman series!.

I"We shall ignore here the process of ionized hydrogen recombination with subse-

quent emission of photons in the light and ultraviolet bands.

10
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We shall analyze the lower boundary of the energy fraction which is con-
verted into ultraviolet radiation, and the excitation cross-section of hydrogen
atom electrons in the Born approximation. We shall find the relationship of
the values of excitation energy and hydrogen atom ionization per unit of path.
This relationship will also be (in the given approximation) the lower boun-
dary of the desired fraction, since part of the ionization energy will again
be converted into excitation photons. We shall present the cross-section
bodies of hydrogen atom excitation by electrons:

6-10—3 4.10—3\
0(13—25) = E (l - E )co)
3
o(ls—2p) = = <1og 8-10%E —1 2+39_};’_)%;
o(ls—3s) =l—'—1150—3(1— & lg—"’)%’
1,1-10—2 1,3.10—3
1s—3 ='——(1 8.10%E — 1,1 _) :
o(15—3p) = 17" (10g + % 26)
5 105 [
o(ls—3d) = (1— e )60;
5.10—4 -10—3
o(ls—4s)=—E-(1—- - )co;
10—3
o(ls—4p) = <1g 8-10°E —1,8 + )o‘o;
4.10—1 10—2 \
o (ls—4d) = "= <1— )
where E is given in kiloelectron volts!. /13

It follows from expressions of (26) that the main contribution to total
excitation cross-section is made by the 1s - p2 and 1ls - 3p transitiomns. It
is known that the transition energies with a change of the principal quantum
number in hydrogen atoms hardly differ from each other and are equal to an
order to 10 ev. Therefore, we can summarize all cross-sections of (26) for
energy analysis according to all similar transitions, assuming that an energy
of ~ 10 ev is lost in each transition. We.obtain a total cross-section

o— -10—3
oy = 8510 (105 8110 — 1.2 + 2 ) L@

vr

and total losses in kiloelectron volts on a path of 1 g/cm_2 is

dE 8,5N-10—4 2: 10‘
o _E_(log 8-10°E — 1,2 + )"o» (28)

! The cross-sections were computed by M. L. Fil'chenkov without consideration
of the exchange on the basis of nonexcitation cross-sections of hydrogen atoms
by protons (see for example paper [11]).

11



where N is an Avagadro number. Average energy losses due to ionization are
expressed by relation (12) which may conveniently be written in the form

dE _ 8o,l? Eq/ e

Strictly speaking, expressions (28) and (29) must be averaged according to the
spectrum of (9) or (11) in order to compute the desired relation. Assuming
that the spectrum of <’(£) in an energy range of the order of 100 ev has a de-

dE
dx [fon
will be determined by the values of E which lie near the lower boundary of the

spectrum of #(E), i.e.,by the values of E only slightly exceeding I. Let us
give the values of the relation of E = 30 ev (~ 2 I) and E = 60 ev (~ 4 I):

creasing character even in the range of ~ 10 KeV. The relationzu=f§.L c/
dx [ex

u(E = 30 ex) ~0,5; u(E =60ev)~0,4.

Thus, approximately half of the energy withdraws to the ultraviolet range
even at similar extreme estimates. The question about the future fate of ul-
traviolet radiation is not yet clear. Apparently, according to [19], the main
process of energy absorption of the ultraviolet spectrum is photoabsorption
of interstellar dust. For example, if we accept the thesis of [19] that the
number of dust particle comprises 5:10712 cm~3, and the effective cross-
section of photoionization is equal to a geometrical cross-section of 108 cm?,
the path of ultraviolet radiation is equal to 1 parsec by ignoring the pos-
sible comsumption of ultraviolet radiation energy due to other processes with-
in the limits of a parsec and ignoring secondary processes inside the dust
particles, ultraviolet radiation energy is almost completely converted into
heat without reaching the solar system or the borders of the galaxy. If the
y-photon path is substantially greater than a parsec (and we compare it with
the dimensions of the galaxy) or the regeneration coefficient of ultraviolet
radiation in visible light is close to unity, a significant part of ionization
energy will be converted to light radiation.

It is interesting to compare total energy converted into ultraviolet
radiation in the galaxy with the value of the energy leaving the galaxy in the
form of light. Estimating only the order of both values, we use the following
values: we assume a volume of the galaxy of an order of 10°% cm3, and its
area as 10“® cm?; the density of photon energy as wph ~ 0.1 ev/cm~3, and the

value of coefficient ¢, = 10-8 sec'l; and we also assume that all jonization

energy is converted to ultraviolet radiation. In such a case the total energy
converted into ultraviolet radiation from cosmic rays is of the order of

105! ev/sec”!, and the energy leaving the galaxy in the form applied is of the
order of 10°° ev/sec~!.

In conclusion, let us estimate the energy given off by §-electrons during

12
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the process of Bremsstrahlung. We shall use the generation spectrum T (E) 6&-
electrons and the é8-electron path in hydrogen used in paper [9]. Since the
expression for R(E) is also suitable for E 2 1 KeV, we shall limit ourselves
to consideration of §-electrons satisfying this condition. The fraction A of
total ionization energy converted into radiation in the range of Wpin-Wmax»

0 w

A ax

[ TERE)LE T ¢ {(E, w)dw (30)

A== Emin __ wamin
a

Here o = 3.7 MeV/g/cm—2 and o=

- In 2= is the Bremsstrahlung cross-section
w

(non-relativistic case) at 1 g/cm-2. Computing the interval [30] in a logari-
thmic approximation, we obtain the following data (Table 4):

10—3 m 4E
w

Table 4 The figures presented in Table 4
give only the lower boundary of the
energy converted to radiation, since

Radial Visible X-~-radiation

band liaht two factors are not considered here:
9 1) §-electron radiation when E < 1
A = ]0-12 ]0-7 ]0-5 KeV and 2) §-electron radiation of sub-

sequent population (8-electrons

formed from §-electrons of the first

population). But it already follows
from Table 4 that d&-electrons may play a substantial role during formation of
x-radiation (see §3).

5. Radiation and Extensive Air Showers Caused by Slow Particles

Let us examine a phenomenon directly related to radiation and extemsive
air showers. There are two important interrelated problems here. The first is
related to the techniques for detecting extensive showers. We know that the
frequency of extensive showers drops at a disasterous rate as their energy in-
creases. ThLerefore, the question arises of increasing the effectiveness of the
recording area of extensive showers due to possible emissions of extensive
showers, and first, of their radio emission. The second problem, in its sim-
plest statement, may be formulated in the following manner: where does the
energy of extensive air showers go? The negligible part ( ~ 10~%*) of the
energy goes into Cerenkov radiation [20]. A. Ye. Chudakov long ago investigated
the possibility of using the glow caused by atomic excitation of air by parti-
cles of extensive showers to record these showers. However, the investigations
conducted by him [21] showed that even less energy is converted into a similar
glow in the visible range than into Cerenkov radiatiom.

This important problem on the dissipation channels of extensive showers
is still awaiting a solution. We shall try here to analyze the emissions of
extensive showers caused by slow particles!.

1 This problem was investigated by the author jointly with M. L. Fil'chenkov
[22].
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Let us dwell in more detail on the radio emission of extensive showers
recently discovered [23]. Although mechanisms of radio emission genesis were
proposed (see, for example, paper [24]), we feel that the quantitative side
of hypotheses explaining the genesis of a radio emission is unclear. On the
other hand, the coherent radiation of extensive air showers studied by G. A.
Askaryan [24] is approx1mately coincident in alignment with the axis of an
extensive shower and therefore could hardly be recorded at great distances
from the axis. In this regard we think it is feasible to consider other mecha-
nisms which predict isotropic or quasi-isotropic radiation.

Let us analyze the Bremsstrahlung of the electron component of extensive
showers under the following assumptions:

a) The energy spectrum of the electron component is a Tamm-Belen'kiy [25]
equilibrium spectrum N(E) down to the very lowest energies

b) The Bremsstrahlung cross-sections of an electron and a positron with an
electron are equal and have the following form:

m

o, (E, w)dw = 1lari = -

16 E?
0o (E, w)dw = —-oarldwin=— E>m;
3 mu )

—Ethli E< m;
(31)2

c) The Bremsstrahlung cross-section of an electron with a nucleus is

d E .
o (E, w)dw—%ar 2-2m= E<m o
“/.1
nr (E, w)dw = T re72~—1n(1832 ) E>m}

The number T(w)dw-of emitted photons on a path of 1 g/cm—2 is

o

dN N
T(w) dw = -—de o (B, w) o

w

(33)

where Op = Ogp * Onpo and Z and A are the charge and atomic weight of the nuclei.

Let us assume Wy = 2 ev (the light band), W, = 2+107% ev (the radio band) /17
and a radiation interval of Awl 2 = Wig The fraction of §-energy (from the

T'Strictly speaking, the Tamm-Belen'kiy spectrum is calculated to electron
energies of E ~ 1 MeV. Extrapolation of the spectrum to energies of E < 1 MeV
contains a definite arbitrariness.

2See the derivation of expressions (31) and (32) and paper [26].
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total energy of the shower) converted into the light band is equal to §. ~ 10_6

1
(the light band) and 62 ~ 10-12 (the radio-frequency range).

Let us analyze the emission of real §-electrons formed when the shower
passes through the atmosphere:

T,@)=— | o(Ey WREdEs | 5T (E, Ei)dE, (34)
Emin 2E;

where R(EG) is the path of the S8-electrons in air; EG is the energy of §- '

electrons. Unfortunately, this path has been studied insufficiently for very
weak energies (less than 1 KeV). Function R(Es) was extrapolated by the ex-

pression 0.4 E61’3 [2]. If we set Ej = 1073 MeV, then 8, ~ 1.5-1076 and
min
5, ~1.5-10712, If Eq = 1072 MeV, these values will decrease five times.
min
Let us compare the analysis obtained with an observed intensity of flares {23],
which are characterized by the following parameters: a pulse of 10-10-10- 1
ergs; an antenna area of 1000 m2; an energy of extensive showers of 1017 ev ~
~10° ergs; AW = w/10; and W ~ 10”7 ev. The total energy of radio emission up-
sets a shower and at the range of Aw ~ w/10 caused by slow particles of the
order of 10-° ergs, significantly exceeds the observed value. However, we must
bear in mind that this radiation (because of its quasi-isotropic nature) im-
pinges on an area which substantially exceeds the antenna area. Thus, if the
effective area onto which the layer energy impinges is S ~1 km?, then an
energy of 10-12 ergs impinges on the antenna, and if S ~ 10 km?, then w ~10713
ergs.

Thus, there is an entire area determined by the capability of cosmic rays
to form very slow particles. It is now difficult to accurately determine its
boundaries, and the problems considered in this paper have not been strictly
and finally resolved because of gaps in the knowledge of the behavior of very
slow particles. One of the tasks of this article is to attract attention to
this area which has been hardly developed until the present.

In conclusion, the author expresses gratitude to M. L. Fil'chenkov for dis-
cussion of certain problems touched on in the paper.
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THE ENERGY SPECTRUM OF COSMIC MUONS OF ULTRAHIGH
ENERGIES AT SEA LEVEL

V. V. Borog, V. G. Kirillov-Ugryumov,
A. A. Petrukhin and V. V. Shestakov

ABSTRACT. This article is devoted to consideration of the
energy spectrum in relation to the problem of cosmic muon
origin. A comparison of the spectra measured in vertical
and horjzontal directions at sea level in the energy range
of X 101! ev is carried out. The article also compares the
energy spectra measured at different zenith angles in order
to clarify the generation mechanism of ultrahigh energy
muons.

1. Introduction

The energy spectrum of particles is one of the fundamental characteristics
of cosmic radiation. Interest in the study of the energy spectrum of muons is
determined by two main reasons. First, the use of cosmic rays at sea level as
a muon source to study their interactions requires information about the
energy spectrum. Secondly, comparison of energy spectrums measured at diffe-
rent zenith angles makes it possible to ascertain the generation mechanism of
ultrahigh energy muons.

This article is devoted to consideration of the energy spectrum in connec-
tion with the problem of cosmic muon origin. Comparison of spectra measured in
vertical and horizontal directions at sea level in the energy range of 2 1pll
electron volts is conducted in order to do this.

An analysis is carried out below of studies of the energy spectrum of muons
in vertical and horizontal directions.

2. Studies of the Energy Spectrum of the Vertical Flux in Magnetic Spectro-
meters

Three papers are presently known on the measurement of the energy spectrum
of muons in the range of 10'1-10!2 ev in magnetic spectrometers which were car-
ried out in England--at Manchester, Durham and Noftingham Universities [1, 3,
4]. The results of these studies are presented in Figure 1. Actually only in
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two papers [1, 3], which were completed approximately at the same time, was
the energy spectrum measured to Eu ~ 10!2 ev. However, the spectra obtained

diverge quite strongly at energies greater than 2.5 x 10!l ev. Let us analyze
in more detail the accuracy with which the data in these papers were obtained.

1 A '
- [e]
0¢ "5 -a- ;
—_ & ‘0=4
|> (= X —4,
S w7 i °—4
.—-\ X
l_g y.Y
-8 . o
s 0 Q
3~
()] T
_\
-9 _ .
IB 70 \%} _
3 i
™~
2 4
IE VIR
(8]
z‘ ¥
70'77 9 SO
07 3
0" , 7% Eyev

Figure 1. The Differential Energy Spectrum of Vertical Flux:
1, Data of the Manchester group [1]; 2, Preliminary data of
the Durham group [2]; 3, Final data of the Durham group [3];
L, pata of the Nottingham group [4]; 5, Data of the last
analysis of the results of studying the vertical spectrum
conducted by the Wolfendale group [5]. The shaded area rep-
resents the results of paper [36] where oy = (1.0 £ 0.25) x

x 10 5 em™2/sec”!/sterad”! and Y, = 2.4 +0.2.

The parameters of the magnetic spectrometers used at Manchester and Durham /20
are almost identical. The relation of the article pulse P with the deviation
of its trajectory in a magnetic field A is given by almost identical formulas:

GeV %68 1 2
P Es M .
( . ) NP (Manchester) ;

j2) GeV 333,1 + 0,6
( ) A (aa) (Durham),
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However, the accuracy of measuring the value of A differs substantially.

The Manchester group used a Wilson cloud chamber as a detecter. The ac-
curacy of measuring A was determined by the configuration of the photography /21
and depended on the location of particle transit. Table 1 presents the errors
in determining A and the corresponding maximum measured pulse as Pmax (accor-

ding to the data of paper [1].

It is obvious from the table

Table 1 that particle pulses only up to
Location of Error in p , GeV/c 200 GeV/c can be measured.on the.
. max Manchester spectrometer without in-
Transit Measurement . :
of A. mm troduc1ng_correct10ns. Measurements
’ of pulses greater than 200 GeV/c
require introduction of corrections
Center of . s s
for the transmission variation of the
spectrometer 0.25 1000 -
apparatus. Such an operation leads
Edge of spec- .5 .
to a very great ambiguity in the
trometer 1.4 190 . oy -
Middle position 0.9 300 case of low statistics. According
N to the data of [1], the statistics
70% of all are the following: 25 particl ith
trajectories 0.6/1.2 450/220 re g: <> partic.es wi

an average pulse of 270 GeV/c and
four particles with an average pulse
of 1160 GeV/c.

The Durham spectrometer used neon flash tubes as detectors which reduce
ambiguities related to photography to zero, because only the number of the
flash tube is determined by photography, and its position is known to the re-
quired accuracy. A large number of flash tubes intersected by a particle make
it possible to determine the trajectory rather accurately. The authors note
[3]: "...graphic analysis indicates that the mean square error in locating the
particle track is equal to 0.20 mm for neon flash tubes with 100%-efficiency".
This corresponds to Pmax = 1650 GeV/c. However, less than 100%-efficiency

of the neon flash tubes and initial firings from S8-electrons decrease Pmax to

657 GeV/c. 1In this spectrometer Pmax does not depend on the location of
particle transit.

The latest research and measurement of the vertical energy spectrum was
carried out at Nottingham [4]. Neon flash tubes were also used in a magnetic
spectrometer. The energy spectrum was measured to 4-10!! ev. The results
agree well with the data obtained at Durham, although they are somewhat higher
in absolute value (Figure 1). Thus, the analysis conducted indicates that the
data of the Durham group is more reliable in the energy range >2-10!! ev than
that of the Manchester group. The spectrum obtained at Nottingham agrees with-
in the limits of errors with the spectrum obtained at Durham.

In order to obtain the quantitative characteristics of the spectrum, let us/22

assume that the integral and differential muon spectra may be expressed by the
step functions
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I(ZE,) =1E."; N(E)=1-1,-E; "D, (1)

In order to determine the value of Yy to which the vertical spectrum ob-

tained in magnetic spectrometers correquyds. let us present the available data
in a graph with coordinates Eu and N(EU)EUV+1. If the slope of the spectrum

corresponds to Yy then the experimental points should lie on a straight line

parallel to the axis of the abscissae. If the slope of the spectrum is
steeper, the points will deviate downward, and if it is more inclined, they
will deviate upward. The experimental data are compared in Fi§ure 2 with four
values of Yye It is obvious from the diagram that for Eu > 1011 ev the spec-

trum obtained at Durham agrees more closely with Yy = 2.2, the spectrum ob-
tained at Nottingham--with Y, = 2.4, and that at Manchester corresponds to Yv

= 1.8. Taking into consideration the evaluation of authenticity of different
spectra obtained above, we can conclude that the most reliable value Yy = 2.3
+ 0.1.
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Figure 2. The Differential Energy Spectrum at Coordinates
E and N(Eu)'EIV+]° The notations are the same as in

Figure 1.
3. Studies of the Energy Spectrum of Vertical Flux by Indirect Methods
The magnetic method of measuring the energy spectrum is presently limited

by an energy range of the order of 1012 ev. Therefore, different indirect
methods are used for higher energies--investigations of electromagnetic muon

20

/23



U

interactions with subsequent conversion into the spectrum of muons; measurement
of the muon absorption curve in the ground with subsequent reduction of the
energy spectrum and study of the photon spectrum at high altitudes in the at-
mosphere which are genetically related to the spectrum of muons. All these
methods make it possible to analyze the spectrum of muons to energies of

~ 10!3 ev, but definite disadvantages are inherent in all of them which cause

a large ambiguity in the energy spectrum of muons.

In principle, the greatest accuracy may be attained in the first method,
because well-known cross-sections of electromagnetic processes are used to
obtain the energy spectrum of muons. However, the widely prevalent method of
ionization bursts based on recording an electromagnetic shower at a single
point had at least two disadvantages--first, the energy converted in the elec-
‘tromagnetic interaction is not known, and secondly, as a rule, the direction
of the muon caused by the showers is not known, which makes it necessary to
calculate the angular distribution of cosmic muons and the probability of re-
cording showers of different energies dependent of the angle.

The basic uncertainty in the method of reducing the energy spectrum from
the absorption curve is related to the unknown composition of the ground
during measurement at great depths. Moreover, there are at present no accu-
rate values of the integral losses of superhigh energy muons [6] and calcula-
tion of the fluctuation and energy losses is accordingly made difficult.
There were no experimental data until recently on the angular distribution of
superhigh energy muons, which also introduced a certain indeterminancy.

Investigation of y-ray photons in the upper layers of tne atmosphere also
does not yield an unambiguous value of the energy spectrum of muons. In ad-
dition to the difficulties connected to conducting the experiment at high al-
titudes, a large ambiguity occurs during conversion into the muon spectrum.
Such a conversion requires definite assumptions about the mechanisms of muon
and y-ray photon generation at superhigh energies and, most important, about
the relationship of these mechanisms.

Much research has been completed on the study of the muon spectrum by all
three methods. It is not possible here to analyze all the research in this
field. Let us therefore consider only the fundamental research (Figure 3). /24
It is obvious from the diagram that the results of different research in the
energy range up to 10!2 ev more or less agree in absolute intensity, although
the slopes of the spectra are different (yv varies from 2.0 [8] to 2.8 [10].

The data diverge even more strongly in the energy range 10!2 ev,

These maximum values of Y, are hardly probable in the energy range of in-
terest to us. The most probable values of Yy in the two papers on investigation

of ionization bursts [12] and [13] were equal to 2.4 and 2.5 respectively. The

data of the remaining papers are given in Figure 4 in coordinates Eu and I(Eu)-
*E2"%. The results of underground experiments [9] in the energy range up to

2:1012 ev agree well with Yy = 2.4 (see Figure 4). The data obtained from
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Figure 3. The Integral Energy Spectrum of Vertical .Flux:
1, Data according to bursts (NllYaF) [7]; 2, Data accor-
ding to bursts (NIlvaF) [8]; 3, Data according to absorp-
tion (India) [9]; 4, Data according to the spectrum of
y-ray photons (Bristol) [10]; 5, Analysis data of the
Wolfendale group [11]; 6, Data according to bursts
éKr?sil'nikov) [12]; 7, Data according to bursts (Japan)
13].

investigation of the y-ray photon spectrum [10], which were published by the
authors in 1962, most strongly contradict the index of Yy = 2.4 in this energy

range. There have since been no reports on new calculations of the muon energy
spectrum in this group. However, the results of their further experiments [14,
15} indicates that Yy decreases.

Besides the papers considered, there are still several similar investiga-
tions conducted at various altitudes using a different technique [16, 17, 18].
As has been noted already, the energy spectrum of muons depends not only on the
y-ray photon spectrum, but also on the models of the nuclear interactions taken
into account. Thus, the calculated muon spectrum in paper [16] agreed very
well with data obtained at Durham on the magnetic spectrometer, which also ag-
ree with Y, = 2.3 as indicated above. The most complete analysis of all

available experiments on the investigation of the energy spectra of y-ray
photons at different altitudes was carried out in [19]. The energy spectrum
of muons was calculated on two hypothesis of the production channels of n0-
mesons, responsible for generation of y-photons in the atmosphere: 1) directly
in nuclear interactions and 2) as a result of K-meson decay. The spectra ob-
tained are presented in Figure 5. During direct production of m%-mesons Yy =
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at Coordinates Eu

The Integral Energy Spectrum
and !Eﬁ'“. The nota-

tions are the same as in Figure 3. The
straight lines correspond to Y, = 2,2
and 2.6.

Thus, analysis of available data
on the study of the integral energy
spectrum of muons indicates a more
probable value of Y, = 2.4 £ 0.2 at

least to energies of ~ 2:1012 ev,

The value of Y, = 2.4 differs some-

what from Yy = 2.3 obtained during

analysis of the data of magnetic mea-
surements. Although this difference
is negligible, it does have an explana-
tion. We assumed that the muon spec-
trum may be described by a step func-
tion with a constant index (1). The

relation Yaif - Yintegr = 1 is valid in

this case. However, analysis of the
muon energy spectrum over a wide ener-
gy range indicates that the index of
Y increases as energy increases. In

this case Yaif = Yintegr <1,

= 2,6, and Yy = 2.2 when there is

100%-generation of n%-mesons via K-
mesons. Experiments on the study of
cosmic muon polarization yield an
estimate of (40 % 20)% for fractions
of K-mesons. If this value does not

vary substantially as energy increases,

then Y, = 2,4-2.5. If no assumptions
are<made about the ratio of w- and K-
mesons, then Yy = 2.4 £ 0.2,

Two comments may be made about
papers [7] and [8]--first, the burst
spectrum was measured in them over a
wide range of zenith angles and was
not recalculated to the vertical
spectrum of muons; secondly, even the
data presented within the ranges of
experimental errors do not contradict
the muon spectrum with Y, = 2.4
(see Figure 3.
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Thus, if the energy spectrum in a vertical direction may be described by
a step function, the constants in formula (1) for 1011 Eu < 2-1012 ev will be

the following: Iov = (1.2 = 0.2)+1075 cm-2/sec”!/sterad™! and Yy = 2.4 £ 0.1.
Moreover, Eu in formula (1) is measured in units of 10l! ev. The values of
the index of Yy and absolute intensity IOv were determined from the aggregate

of all the papers considered.
L. The Energy Spectrum of Cosmic Muons at Large Zenith Angles

Until recently the vertical muon flux was mainly studied, because the
horizontal flux is approximately 1,000 times less than the vertical. Intensity
measurements of the horizontal flux carried out in papers [20, 21] yielded the
following values: 2.4°10-° cm-2/sec™1/sterad™! for a north-south direction and
1.9-1075 cm~2/sec”l/sterad~! for an east-west direction. (The intensity of
the vertical flux is of the order of 10~2 cm~2/sec™1/sterad™!.)

Several papers have been completed in recent years on the measurement of
the energy spectra of muons at large zenith angles (® R 60°). Table 2 presents
a summary of available experimental data on the study of muon fluxes with
energies to 101! ev at different zenith angles.

Table 2
Year Zenith Angle, Energy range, Reference
deg GeV
1954 30 and 60 0,360 | ‘. [22]
1961 68 2+70 - Po[23]
1961 ; 6585 1+100 [24]
1963 | 80 1,5+.40 [25]
1963 | | 77,590 5+100 [26]
1965 30, 45and60 0,750 . {271
1965 86,5 1+30 1{ | [27]
Analysis of the results of the renumerated experiments confirmed the ex- /28

pected increase of the fraction of high energy muons as the zenith angle in-
creases. The characteristics of energy spectra change (to 10! ev) depending
on the zenith angle agree with the hypothesis of muon generation as a result of
7 > u-decay.

Several theoretical papers were completed during this time, devoted to
calculation of the energy spectra of superhigh energy muons at different zenith
angles. The generation of muons in the atmosphere as a result of m-meson decay
was first studied by Barrett, et al in 1952 [28]. They obtained an analytical
expression for the energy and angular dependence of muon flux at different
zenith angles on the assumption of a plane atmosphere. In 1956 Jakeman [20]
calculated the energy spectrum in the range of 10° - 1013 ev for & = 90°,
using the hypothesis of w > u-decay.
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The most complete calculation of angular distributions of muons of dif-
ferent energies was conducted in 1960 by G. T. Zatsepin and V. A. Kuz'min [29]
for muon energies of 1011-101% ev over the entire range of zenith angles for
two generation mechanisms (w- and K-decay). They were the first to show that
the greatest difference between these two generation mechanisms is observed in
the energy range of 1011-1012 ev,

In 1961 Allen and Apostolakis [24] calculated the energy spectra in the
range of 102-10!2 ev for different angles within the range of 60°-90°. They
were the first to consider the effect of scattering for energies less than 101!
ev, which causes a substantial increase of the low-energy muon flux at large
zenith angles.

The latter paper on calculation of the angular distribution of ultrahigh
energy muons was completed by Maeda in 1964 [30]. Actually, he repeated the
calculations of G. T. Zatsepin and V. A, Kuz'min, reducing the lower energy
limit to 4-1010 ev. Moreover, he carried out calculations for other depths
of the atmosphere--750 g/cm? and 500 g/cm? (the height of mountains). Maeda's
calculations confirmed the conclusion made in paper [29] that the greatest
difference of the two mechanisms of muon generation is observed in the range
of 1011-1012 ev. However, although the curves obtained.by him are close to those
of paper [29], the difference of angular distributions of the two generation
mechanisms was somewhat less.

The first paper on the experimental study of muons with energies greater
than 1011 ev at large zenith angles was conducted by F. R. Arutyunyan, et al
[31]. They investigated the transitional interference' of muon emission of the
horizontal flux of cosmic rays in the energy range of 7+101!-6:10!2 ev, The
experiment was conducted at an altitude of 1000 meters above sea level. The /29
authors reported 77 events which were interpreted as the result of the inter-
ference emission of muons. The spectrum of the muons in the range of 7-:1011-
6-1012 ev was estimated on the basis of the calculated efficiency of recording
muons of different energies. We should refer to the spectrum obtained rather
carefully, because the physical phenomenon, with whose fault it was measured
was observed for the first time by the authors. Their results should rather be
taken as the experimental discovery of interference emission, confirmation of
the existence of which is the agreement of the number of events recorded with
that calculated from the anticipated spectrum of the horizontal flux, on the
basis of the hypothesis of 7 + u-decay. This is just how the authors inter-
preted the results in their first report [32].

Two papers devoted to the study of the energy spectrum of muons at large
zenith angles were heard in 1965 at the IX International Conference on Cosmic
Rays in London. 1In the first paper [33] completed by the authors of this
article, the energy spectrum of muons was studied by cascade showers recorded
with the help of an ionization calorimeter [34]. In this paper, the cascade
showers were recorded at three points, which made it possible to make a re-
liable determination of their energy. Sampling of the showers according to
the projection of the zenith angle excluded the ambiguity related to the an-
gular distribution of muons. The energy spectrum of cascade showers was

25



recalculated into the muon spectrum. The value
of index 5 of the horizontal spectrum in formula

(1) for a range of zenith angles of 55-90° was
equal to 2.1 * 0.15, if we consider the muon flux
% 3 to be isotropic, and 2.0 * 0.15, if we take into
CIE consideration the angular distribution of muons

4 on the basis of the h{gothesis of w- or K-decay
(energy range of 2-1011-3:1012 ev).
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The second paper [35] was completed by the
group at Durham University on a magnetic spectro-
meter. The energy spectrum in this paper was
measured for three ranges of angles--82,5-85,
85-87.5 and 87.5-90° in the energy range of 10!0-
1012 ev. Figure 6 presents the results of both
papers. It is obvious from the diagram that the
papers agree quite well within the limits of ex-
periment errors.

g
=y

N, cm-2/sec-]/sterad
3
3

70-77
7070 70 77

Figure 6. The Differen-
tial Energy Spectrum of
Cosmic Muons at Large
Zenith Angles. The ex-
perimental points from
paper [35] are: 1, range
of angles 82.5-85°; 2,
range of angles 85-87.5°;
3, range of angles 87.5-
90°. . The shaded area
depicts the results of
paper [33].

5. Angular Distribution and the Generation
Mechanism of Cosmic Muons

We shall use the results of paper [33], in

in [35], to calculate the angular distribution.
(For E > 5:10'! by 15 times).

In a general case the differential energy
spectrum at an angle of 6 may be written in the
form

N@®, E) =N (E)-p(, E, -

where NV(EU) is the spectrum along the vertical, and p(e,Eu) is the function

of angular distribution dependent on the generation mechanism,

Setting the function p(B,Eu), we can convert from N(e’Eu) to Nv(Eu)'

Such a conversion was made in paper [36] for three possible generation mecha-
nisms--m > p-decay, K~ p-decay and the direct generation of muons in nuclear
interactions. In the latter case p(e,Eu) = 1 [37]. The values of the func-

tion cf p(e,Eu) for the cases of m+ u and K -+ p-decays were taken from paper
[29]. The energy dependence Nv(Eu) was taken in the form of (1). Closest

agreement with experimental data in the energy range of 2:10!!-3.1012 ev was

obtained:
1) for direct generation--when Yy = 2.1 £+ 0.15;
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2) for m+ u-decay--when Yy 2.35 + 0.15;
2.4 £ 0.15.

The conversion result for cases of m- and K-decays is given in Figure 1.

3) for K-+ u-decay--when Yy

Comparing the values obtained with the index of the vertical spectrum Yy

= 2.4 + 0.1 (see Section 2), we can conclude that the angular distribution of
ultrahigh energy cosmic muons agrees well with that anticipated of the decay
processes of 7m- and K-mesons and does not agree with the isotropy which occurs
as a result of direct muon generation and nuclear interactions.

Not all the experiments in the study of the vertical spectrum are equiva-
lent for the conclusion obtained. In the experiments on bursts, the muons
propagate as a rule over a wide range of zenith angles; therefore, the angular
distribution must be set when converting to the vertical spectrum. Thus,
theoretical angular distributions from 7 > p-decay were used in papers [12]
and [13] when calculating the vertical spectrum. Therefore, determination of /31
the mechanism of muon generation would logically be contradictory only on the T
basis of these experiments. A similar situation occurs when converting the
y-ray photon spectrum to the muon spectrum. The interaction model is also
first selected here, and then the muon spectrum is calculated.

Actually, the conclusion made is based only on two types of experiments--
magnetic measurement and investigations of the absorption curve in the ground,
although the latter are also dependent on the angular distribution of muons.
This dependence makes it possible to verify the conclusion obtained. The data
of [9] and [38] which differ most from each other are described satisfactorily
by the vertical spectrum with Yy = 2.4 and by an angular muon distribution

from m- and K-decays. The results of these papers agree with those for Yy =

= 2,6 and 2.0, respectively for isotropic angular distribution.

Let us in conclusion dwell on the results of paper [39]. The authors
studied muon showers at zenith angles of 6 > 75° in order to study extensive
air showers on the apparatus. Because the apparatus was not designed to study
these events, a certain ambiguity of the results obtained was determined by
two features--separation of the muon showers and estimation of the zenith angle.
The authors processed their experimental results by two different methods and
obtained Yy = 1.75 (I method of processing) and Y = 2.0 (II method of proces-

sing) for an energy spectrum in the range of angles 75-90° when Eu 2 101! ev.
Assuming that, on the average Yy, = 1.8-1.9, we reach the conclusion that the

results of this paper are also in agreement with the data of [33] and [35], be-
cause the energy spectrum becomes more sloping as the zenith angle increases.
The latter assertion was confirmed experimentally in paper [35] (See Figure 6).

Thus, the basic conclusion which can be made from analysis of the data on
the study of the energy spectrum of vertical and horizontal muon fluxes con-

sists of the fact that ultrahigh energy cosmic muons (at least to 2:1012 ev) .
are generated mainly during the decay processes of m- and K-mesons. The portion
of direct muon generation and nuclear interactions cannot be great.
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ELASTIC n"-p-SCATTERING AT A 1 -MESON
ENERGY AT 2.06 GeV

S. P. Kruchinin and K. N. Mukhin

ABSTRACT. This article investigates elastic n+-p-p-scat-
tering at a mt-meson energy of 2.06 GeV. The paper com-
pares results of previous papers which measured the dif-
ferential cross-sections of elastic nt-p-scattering at
pulses of 2.0 and 2.5 GeV/c over a range of angles 6 <

< 20°. This paper presents the differential cross-
section of elastic scattering of n¥-mesons with an energy
of 2.06 GeV in protons over the entire range of angles.
The deduction method was used to obtain the cross-section
in the range of angles 6 < 20°.

1. Introduction

Experimental data on elastic w+—p—p—scattering (jointly) over the entire /33
range of angles was previously [1] obtained with a sufficiently high degree of '—_
accuracy from material of experimental irradiation of a propane bubble chamber
with a pulse magnetic field [2] by a mixed beam of positively charged parti-
cles (n*+ was 47%, p was 47.5%, K* was 3%, and pu* was 2.5%) with a pulse of 2.2
GeV/c. Use of the kinematic criterion made it possible to separate proton and
ion scattering for scattering angles in a laboratory system of axes 8 > 20°,
Kinematic separation of m-p- and p-p-events is not possible at 6 < 20°.

Therefore, additional independent information on the process of the differen-
tial cross-section of nt-p- or p-p-scattering at 6 < 20° is required in order
to obtain On+p(e) or opp(e) in this range of angles.

When paper [1] was completed in 1963-1964, the only source of additional
information (of an indirect character besides) was the paper of Cook et al [3],
in which the differential cross-sections of elastic wt-p-scattering were
measured at pulses of 2.0 and 2.5 GeV/c. Because the range of angles of 6 < 20
lies almost entirely in the zone of diffraction scattering, both cross-sections
behave identically at lower 6 < 20°. 1In this regard the results of paper [3]
in the range of angles 6 < 20° may be reliably interpolated for intermediate
values of the pulses. Such interpolation was carried out in paper [1] for a
pulse of 2.2 GeV/c. This interpolation made it possible to obtain the missing
data on G“+P(e) in the range of angles 6 < 20° and to isolate the differential

o

cross-section of elastic p-p-scattering at energy of 1.45 GeV using the deduc-
tion method.
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Moreover, in order to verify the deduction method in the range of angles
20° < & < 30° a comparison was made of the results obtained by this method and
by separation by the kinematic criterion. The comparison showed good agree-
ment of both methods (the number of protons counted in the indicated range of
angles by each method was equal to 66 and 64, respectively; the value obtained
by the deduction method was presented in [1]). Thus, the differential cross- /34
section of elastic p-p-scattering over the entire range of angles was obtained.
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It has now become possible to compare the results of [1] with the measure-
ments of the cross-section of elastic p-p-scattering carried out by Eisner
et al [4] for protons with a near energy of T = 1,48 GeV. . Paper [4] presents
the curve of the differential cross-section over the range of angles 6° < 6 <
< 23°. The close agreement of [1] and [4] displayed in the similar process of
the differential cross-sections (Figure 1 ; the triangles are the results of
[1] and the dots---[4]). The proximity of integral cross-sections (ogé =
= 22.2 3.4 mbarn [1] and o>- = 19.86 + ©o* (3
practical coincidence of the parameters of the optical model (R = 0.94 *
+ 0.05, (1 - a) = 0.85 = 0.09 and R = 0.91 (1 - a) = 0.864, [1] and [4], res-
pectively) indicates internal agreement and reliability of the deduction
method used in [1]. Hence, it follows that the interpolation of the cross-
section O“+P(e) used in [1] and [4] pulse p = 2.2 GeV/c in the range of angles

mbarn [4]), and also in the

® < 20°, is 'closé to the actual path of cross-section in this range of angles.
However, as before there are no experimental data on the differential cross- /35
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sections of elastic ﬂ+-p—%cattering over the entire range of angles at a «*-
meson energy of T ~ 2 GeV. Interest in such data is presently growing con-
tinuously because of the possible relation of differential cross-section be-
havior with pion-nucleon resonances [5, 9] and with the development and cor-
relation of the optical model [6, 7, 8]. The behavior of oﬁ}b(e) at T= 2 GeV

obtained from direct experimental data is therefore of interest.
2. Results

This article presents the differential cross-section of elastic 7' -meson
scattering with an energy of 2.06 GeV (Pn+ = 2.2 GeV/c) in protons over the

entire range of angles. The data of [1] isolated with the help of the kine-
matic criterion were used for angles of 6 > 20°. The deduction method, using
(without interpolation) the results of [1] and [4], was applied to obtain the
cross-section in the range of angles of 6 < 20°. Figure 2 presents the depen-
dence of differential cross-section dc/dQ on the co-signs of the scattering

angle cosX (the cross-section and angle are given in the center of mass system).

The experimental data are also presented in Table 1. The cross-section at an
angle of 0° (cosX = 1) was calculated as

(0= [(09) | *= | R/(0) | *+ | Imf(0°) | *= | Im[(0°) | *(1 + %), (1)

where

_ Ref(©)
Imj (0°)

The imaginary part of the forward scattering amplitude Imf(0°) may be
found by the optical theorem

oy __ ko
im0 = 0, o

where k is the wave vector in the center of mass system and %ot is the total /34

cross-section of interaction of © -mesons with protons at an energy of T =
= 2.06 GeV; according to the data of [11] Trot = (29.7 % 0.3)mbarn.

Unfortunately, there is no single experiment in the energy range of 1-3
GeV for.n*-mesons to measure the relation of the real part of elastic scat-
tering amplitude to the imaginary part. Therefore, the value of o for our
energy range was taken from the theoretical curve of V. S. Barashe?kov [10]
(o = -0.28). Substitution of the discovered values of o and Oiot M two for-

mulas (1) and (2) leads to a value of do/dQ (0°) = 13.2 mEarn/sterad. The
paper of Hthler et al [12] presents the value of do/d2 (0°) at an energy of
2.06 GeV equal to 12.98 mbarn/sterad, and it follows from Cronin's paper [13]
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3. Discussion of Results

It is interesting to
compare the data obtained
in this paper with the
results of [3]. The cross-
sections behaved similarly,
as was to be expected, in
the range of 0.6 < cos x <
< 1 (the range of diffrac-
tion scattering). However,
further behavior of the
cross-sections differs
sharply at different values
of the initial pulse of im-
pinging n*-mesons. A maxi-
mum is observed at cos x =
= -0.35 for a pulse of 1.5
GeV/c in the differential
cross-section of w¥-p-
scattering. This maximum
{cos x = -0.4) is substan-
tially lower (1.14 and 0.35
mbarn/sterad, respectively)
for a 2.0 GeV/c pulse.

that the cross-section at an angle of 0° at the
same energy is equal to 13.44 mbarn/sterad. All
three results are in close agreement among them-
selves.

The integral cross-section of elastic scat-

tering was equal to ceip = 10.0ti“§
1.5 and6.9 +

pared with 10.6 * 1.0 mbarn at
energies of 1.96 and 2.36 GeV, respectively.

mbarn, com-

The differential cross-section obtained was
expanded into a power series of cos Yx:

‘V C,(cos 1)

d == (cos y) =

The expansion coefficients of Cn for a pulse

of 2.2 GeV/c and also for pulses of 1.5 and 2
GeV/c [3] are given in Table 2.

Table 1
bar
nbarn cos ."_"[r-n - ;L
cosy dQ tera “ dz ster
_ - 0,2040,03
1,00 13,2:+1,3 0,25 ) ’
0,915 3,77+0,76 0,00 0,30:0,07
0,875 3,4930,63 —0,25 0,2118»%
0,625 2,1630,41 —8,38 8’{%0'04
5 1,3940, —0, , .
8’})35 026350,13 —0,9 0,0440,02
0,475 0,143.0,05 —
Table 2
}ah,GeV/c o
Cﬂ
1,5 2,0 2.2
Co 0,47 40,07 0,22.40,03 0,25.0,07
C, — 1,03%0,31 0,52%0,16 0,13%40,2
C, 3,3730,93 1,4130,46 | —0,49%1, 06
Ca — 0,12%1,42 —317930.,73 | —2,20%0,45
Ca —13,67%3,08 —6.1831,53 | ~0,6542,56
Cs 5,551 1,52 7.9740,92 6,57 31,58
Ce 16,69+2,67 9,681 1,36 5.5313,15
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A maximum at cos x = 0 was observed in this paper (P_4 = 2.2 GeV/c). The
value of this maximum is comparable with that of the maximum at a 2.0 GeV/c
pulse (0.30 and 0.35 mbarn/sterad, respectively). Apparently the cross-
section generally has no clearly defined maximums at a large pulse (PTT = 2.5

GeV/c).

Following the example of [9], a dependence was constructed of the coef-

ficients of expanding g;c (cosx)» from the pulse of the impinging pion.

Figure 3 presents the dependencies which indicate the change of the coef-
ficients of Cn from the pulse in the energy range of 0.5-2.06 GeV [9, 3 and

this paper]. It is obvious from the diagram that the coefficient of C6 has
a maximum at a pulse of P ~ 1.55 GeV/c. The given value of the pulse corres-
ponds to the total energy in the center of mass system E ~ 1.95 GeV, which is
close to the effective mass of known pion-nucleon resonance N3/2 (1924). The
maximum in the coefficient of C6 indicates that the f-wave (7 = 3) makes an
important contribution to scattering at a given pulse value (PTT = 1.55 GeV/c).

This is found in accordance with the known spin and parity (7%/2) of a given
resonance,.
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THE MASS SPECTRUM OF SYSTEMS OF STRANGE PARTICLES GENERATED BY
THE INTERACTION OF w-MESONS WITH LIGHT NUCLEI

V. S. Demidov, V. G. Kirillov-Ugryumov, A. K. Ponosov,
V. P. Protasov and F. M. Sergeyev

ABSTRACT. This paper is devoted to the study of the mass
spectrum of systems of strange particles generated by the
interaction of w-mesons with light nuclei. The paper
investigates the mass spectrum of a system of two neutrals
strange particles K0-A0 and KP-K% nroduced by collisions of
pT-mesons with light nuclei (C, Cl and F). The experiment
used a 105~cm bubble chamber filled with a mixture of freon-
12 and freon-13. The chamber was irradiated by a beam of
negative m-mesons with an average pulse of 3.86 + 0.04 Gev/c.
The authors do not feel that the results are conclusive be-
cause of insufficient statistics.

Study of resonance interactions of K-mesons with K-mesons and hyperons is /40
in the initial stages. This assertion first of all relates to K-meson-hyperon o
resonances, although a number of experiments at several values of initial energy
have already been conducted [1-4].

Resonance states with effective masses at energies at the order of 1700 and
1800 MeV have been discovered in different papers for a KY-A0 system. However,
discernible, sometimes principal discrepancies have been observed between the
results of different experiments. One of the reasons for this lies in the
rather sparse statistical material of the majority of papers; a possible reason
may also be the effect of interactions in final states [1]. Resonances in a
K?-K° system may also not be considered exhaustively studied. On the other hand,
we feel that the study of strange particle production (and their resonances) and
nuclei is of special interest, because this can add useful information on the
properties of nuclei.

This paper investigated the mass §gectrum of systems consisting of two /41
neutral strange particles K0-A% and KO0-KY produced by collisions of w~-mesons

with light nuclei (C, Cl1, F). The experiment used the 105-centimeter bubble

chamber of MIFI [5] which was filled with a mixture of freon-12 and freon-13.

The chamber was irradiated by a beam of negative m-mesons with an average pulse

of (3.86 + 0.04) GeV/c of the proton synchrotron of the Institute of Theoretical
Physics (ITEF) (Figure 1). A pressure limitation operational mode was used.

The chamber was generally photographed with a stereo camera having two
objectives of the "Gidrorussar-4'" type on standard aerial photographic film

' 36



4y 80 mm wide and with a sensitivity of
1200 units GOST. The measurements were

_JT carried out on a UIM-21 microscope

and were duplicated by measurements

with the help of a stereo projector.

A total of 35,000 photographs exposed

without a magnetic field have been pro-

cessed at present. The geometric pro-

gram was calculated by the M-20 elec-

tronic computer.
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Reduction of the spatial position
1y of the events studied during stereo
photography through several refracting

-
- media with consideration of objective
i distortion is a complicated problem and
] one which requires special research

[ B4 RIS 1&[)1‘1; 4y [6-8].

19 27 35 %3 851, GeV/e .
A / In our case the specifics of the

experiment, determined to a significant

Figure 1. Distribution of the Primary gegree by the fact that angles were
Beam of Pulse P Measured in the Center used mainly for identification of the
of the Chamber. The chamber was ex-  guantitative characteristics, permitted
posed to a magnetic field of 16.7 ki~ yus to use a rather simple method of
logauss. The smooth curve is the nor- analytical reduction with the required
mal distribution with parameters of accuracy.

P = 3.86 GeV/c and o = 0.45 GeV/c.
If we consider the straight lines

in the space of the objective subjects
as the geometrical location of points of intersection of certain formative
planes, then linear surfaces will correspond to these planes in the space of
images [4]. The correspondence between the latter and formative planes is
quite massive. However, under certain conditions we can place the planes and
the space of images in clear conformity to the formative planes in the subject
space. Moreover, the position of one or the other is determined completely
by the photo projections of the straight lines. It is easy to see that in
order to do this we must fulfill the conditions

Vi ;
~1 agnd— ~ 1L
Tig1 Ti1

where T, is the distance from the optical axis to the i-th point being measured,

and y is the angle of the projected line with the optical axis. We can show
with the help of simple geometric calculations that when measuring the axes of
two near points of a straight line the planes passing through the projections /42
of these points and the points lying on the optical axes of the objectives at T
distances of Z1 5 = f/n F1 2(Y) (for the first and second objectives, respec-

3 »

tively) become formative planes.
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Here, f is the main rear focus of the objective, n is the refractive index
of the operating liquid and F(y) is the coefficient depending both on the
direction to the point measured and on the longitudinal spherical aberration

of the entrance pupil.

The straight line in the space is determined by the intersection of two
formative planes, its directing coefficients being

|
m= —}:’7 [C.1BoFa (1)— CoB, Fy (1))

f .
n= o [CiF (1) — CF (V)5 : (1)
p=L Rt Fat1B,— By,
where B and C are the coefficients of equations of projecting a straight

1,2 1,2
line onto the photographic plane (x + By + C = 0) for the first and second
objectives, respectively,

If, as this has been observed in our case (see the Table), the distortion
function F(y) hardly changes by the volume photographed [Fl(y) ~ Fy(v) = F(V)],

then the expressions of (1) are simplified:

m = L F (1) [C.Ba— CaByl =K1 1C,Ba— CoBil;
n

n =2 F(1)[C—Csl = K2 1C; — Cal; (2)
n

p =L P 1) 1B Bil = Ko (Ba— Bl
n=

We determined the multipliers Kl’ KZ’ and K3 by photographing a body-

centered reference lattice installed in the chamber (this also permits us to
automatically calculate film contraction).

The accuracy of reducing the space picture by the method selected is
rather high as can be seen from the table.

For processing, we selected stars formed by primary w~-mesons and corre-
lated with two characteristic VO-events of each (KO » 7+ + 7~ and A0 > p + =~
decays) (Figure 2). Identification of strange particles was accomplished ac- /43
cording to the divergence angle of the products of their decay and paths, T
Complete paths were determined for the secondary particles remaining in the
chamber, and the lower energy boundary was estimated for the tracks emerging
along the recording length. The characteristics of stopping (a n~meson star,
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+ + + . . oo . . .
m > u > e -decay, etc.) was calculated when identified. Qualitative analysis
of relative ionization and multiple scattering were also used.

Viewing Angles of
the Objectives Angle in the|Calculated Value
Chamber of the Angle,
Bs Ba ¢ca1
T For a Plane Parallel to the
Photographic Plane
o947 75
oA o4’ 8°08” 8°14"
24°45 1548 120327 12°36"
45°00" 44°48"
63°247 63°13”
90°00" 89°27°
49947 492"
&°08° 8°16”
120977 120237
22°90° 14°09" e e,
63°24" 63°39"
4°24” 4°97°
8°08" 8147
120327 124397
20°19" 12°47" PR i
63°24” 62°46"
For a Plane Perpendicular to
the Photographic Plane
42247 4219’
3708’ §°18’
12732 12732
24°45 15°48’ 33742 337317
56715 55°54
90°00" 897247
40947 4040°
12032° 1297
330497 332197
0qqar ’ 45°007 45°157
19°38 19°38 63°947 650967
50°700 89°84

The portion of VO-events selected are secondary two-pronged stars, formed
by neutrons from a parent star. We checked the coplanarity of the V0-event
with a primary star in order to eliminate the neutron background. The co- /46
planarity requirement of the production point of a strange particle and its
decay plane ensues from the requirements of pulse reservation. Because of co-
planarity, we used the angle between the straight line determining the direction
of motion of the strange particle and the plane of its decay. It turned out
that the overwhelming number of events is within the limits of the angle of
non-coplanarity ¢ = 2°. Events with an angle ¢ < 1.5° were left for subse-
quent analysis. -

One hundred forty one events in the material studied were identified as
production of a K%-A%-pair and 68 events--as production of K%-KU,.
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Figure 2. A Characteristic Case of the Joint Production of a A®-Hyperon and a KO-
Meson (a) Recorded by the MIFI Chamber Upon Irradiation in a Magnetic Field of 16.7
kilogauss, and of the Joint Production of KO- and k+-Meson (b)




Distribution of the effective mass Meff of a K9-A0 system is presented in
Figure 3. Figure 4 gives the distribution of Meff of a K%-KV pair.

AN

_ 141 events

T

4]

T T

0

&

A, A, O NP A OPOL P A A

T

W7 s 19 2 21 22 23 24 25 26 M , GeV
eff

Figure 3. Distribution of Effective Mass for a
KO = A0 System. The smooth curve was calculated
by the '"random stars'' method.

The statistical distribution of 250 K?-AC-events was calculated for com-
parison by the 'random stars' method. The standard for the total number of
events was 141. Both double and single V0-events were used in the '"phase
curve''.

A certain increase of the number of recorded events above the phase curve
is observed on the histogram (Figure 3) in the range of effective masses of a
system of K0-A0 ~ 1,65 < M eff <7 1.8 GeV. An irregularity is also noticed in

the range of the values from 1.85 to ~ 2 GeV (the average is ~ 1.95 GeV).

The anomoly near M_.. ~ 1.7 GeV may be explained by the decay of K0-A0
into a pair of known resonants Nl(s)(M 1.688 GeV). Regarding the peak cor-
responding to the average value Meff = 1,95 GeV, the resonance is not yet known
in a m-N system with such a mass and corresponding value of isotropic span.

The peak and the distribution of effective masses of a K%-Al-system with an
average value of ~ 1.700 GeV was noted for wn p-interactions with primary

energies of ~ 3 and 3.86 GeV [2, 3]. The possible existence of resonance at
values of M.gg ~ 1.9-2.0 GeV was also pointed out in [2]. However, the statis-

tics in these papers are not large.
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£F of 355

A0-KO pairs was attained in [10], for
- n-p-interactions at an energy of 7.91
ot — GeV. Ejections were distinctly ob-
served in the distribution at a value
- of,Meff ~ 1.65, Meff ~ 1,85 and Meff

T 1.925 GeV. It is however necessary
to note that no irregularities were
discovered in the mass spectrum of the
- K0-A% system in the well-provided
statistics of [4], where the interac-

d tion of m~-mesons with nuclei was
i studied at a m-meson energy of 2.8
: GeV.
" Despite the peculiarities noted
| above of the mass spectrum of a K0-AO
L . [] system obtained by us and coinciding

VY, z} 4} i4 15 16 17 ng' GeV with the results of a number of papers,
eff the low statistics (141 events) does

not permit us to make any final con- /48
clusions. We feel that, in addition T
to an increase of statistics, detailed

study of the phase distributions for
production in nuclei is in order. It

would also be interesting to compare the results of experiments for different
primary energies. The maximum phase distribution should be shifted to the side

of large values of Meff as energy increases, at the same time as the peculia-

aN I A distribution of M
! 68 events ' ¢

Figure 4. Distribution of Effective
Mass for a K0-K¥ System.

rities in the mass spectrum caused by resonances maintain their position.

We noted a grouping of events near the average value of Meff ~ 1.1 Gev and

Meff ~ 1.28 GeV, which are stable during variation of subdivisions according to

the ranges of effective masses, in the distribution of effective mass of a K0-K°
system. The primary grouping corresponds to the known near-threshold pecu-
liarities (Meff = 1.02-1.10 GeV), and the second grouping corresponds to the

resonance with a mass of ~ 1280 MeV recently discovered in [9]; the latter
may be considered as a manifestation of the decay of an A2 or fU-meson accor-

ding to the pattern A2f0-+ KO + K°. However, further research is required in
this area.

The irregularities indicated in the distributions obtained for effective
mass of a K0-KU-system indicates that a satisfactory solution was achieved in
our experiment, but, as in the case of a K0-A0 system, inadequate statistics
do not permit us to make any final conclusions.

In conclusion we thank the administration of ITEF for giving us the oppor-
tunity to conduct the experiment.
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THE THEORY OF COMPLEX MOMENTS AND RESONANCE NUCLEAR REACTIONS

V. V. Grushin and Yu. P. Nikitin

ABSTRACT. This article investigates the SAU (inherent asy-
mmetry of nuclear level) effects which occur during resonance
interaction of spinless particles as well as particles having
spins of 0 and 1/2, within the limits of the Khuri concept
which has many advantages when compared with the Regge con-
cept. The article presents a step-by-step calculation of
Coulomb interaction which must be taken into consideration
during resonance scattering of charged particles. The de-
veloped theory is then applied to resonance scattering of
a-particles and protons in a ¢12 nucleus. The path of the
Regge pole trajectories was established when compared with the
experiment. It is shown that the Khuri method leads to re-
sults hardly differing in the case of the scattering of a-
particles in a €12 nucleus from the results of the papers
cited.

1. Introduction

Resonance nuclear reactions in the low energy range have until recently
been analyzed theoretically on the basis of the well-known Breit-Wigner for-
mula. The resonance character of a nuclear reaction in the Breit and Wigner
theory is determined by the field of the reaction amplitude in the complex
energy plane close to that approaching the real energy axis. Assuming a suf-
ficient remoteness of other such fields from the real energy axis, we can
limit ourselves to a single-pole Breit-Wigner amplitude when describing a re-
sonance reaction. The angular distribution of secondary particles in this case
will Be determined completely and, for example, will be the square of a Legendre
polynomial of the Z-th order for spinless particles, where I is the orbital mo-
ment of the particles involved in a resonance nuclear reaction. Deviations are
usually observed in practice from the simple Breit-Wigner type and it becomes
necessary to supplement the Breit-Wigner amplitude by correction components
which represent scattering in states with a non-resonance value of orbital
moment .. Moreover, if the value of kR > 1 (k is the pulse of the impinging
particles in the center of mass system, and R is the radius of the interaction),
the number of significant non-resonance partial amplitudes is sufficiently
large, of the order of kR. 1In order to parameterize the amplitude of the re-
sonance reaction, we must conduct a rather cumbersome phase analysis with a
large number of varying phases (~ kR). The results of such an analysis are
often incon¢lusive and require additional data or hypothesis in order to de-
termine the true collection of phases.

A substantially different approach to resonance nuclear reactions [1-4]
based on the theory of Regge poles [5, 6] has been noted recently. Its main
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idea is that the pole of the scattering amplitude in a complex plane of or-

bital moment 7 (a Regge pole), closely approaching the whole-number value of 7,

will lead to resonance in a nuclear reaction., Moreover, if other Regge poles

are located at a distance from the real axis of 7, their contribution to the
amplitude of the reaction is exponentially small [1], and we may limit ourselves /50
to consideration of only a single resonating pole. T

Thus, the real moment of resonance state in the theory of Regge poles is
complex, and although the difference of the resonance moment from the whole-
number value is small, it can lead to a substantial difference of scattering
amplitude from the simple Breit-Wigner type. In particular, as indicated in
[1], the angular distribution of the secondary particles generated in a reso-
nance nuclear reaction of the type a + A > b + B has a characteristic asymmetry,
i.e., it differs from the predicted Breit-Wigner theory. This asymmetry was
called the inherent asymmetry of the nuclear level [SAU) [1].

In order to explain such asymmetry in the generally accepted theory of
resonance nuclear reactions, it would be necessary to attract a large number of
non-resonance phases. This gives rise to the very important question of the
possibility of observing in experiment the SAU effect and of the self-consis-
tence of the theory of complex moments. As the analysis_of the data on re-
sonance elastic scattering of a-particles in nuclei of cl? showed [1-3], the
theory of Regge poles permits us to describe the experimental angular distri-
bution of secondary particles quite satisfactorily with the help of two para-
meters, (the real and imaginary parts of the position of the resonating Regge
pole). The authors of [1, 2, 3] having inducted analysis of the data by two
different methods, the first group found the parameters of the Regge pole on
the basis of phase analysis [7], and the second group--on the basis of experi-
mental angular distribution. The trajectories of the Regge pole found in such
a manner, which cause reseonance with quantum numbers of 1* (the P-state with
positive parity), were almost coincident. The results of [1, 2, 3], which are
practically the first serious attempt to work out and justify by comparison
through experiment the new approach to resonance nuclear reactions, are quite
encouraging.

Further theoretical and experimental studies in this area will, in our
opinion, be of significant interest from the point of developing the Regge-
pole approach to resonance nuclear reactions and for establishing actual limits
for its application. The advantages of such an approach are obvious--there is
the tempting possibility to sharply decrease the number of parameters descri-
bing resonance scattering. If different resonance nuclear reactions are de-
termined by the same Regge pole, the angular distributions of secondary parti-
cles should coincide, i.e., it becomes possible to predict on the basis of the
data on a single process the possible characteristics of another process. It /51
is easy to generalize the method for cases when two or more close resonances
occur [1].

We are investigating in this article the basis of the theory of complex
moments the SAU effects which occur during resonance interaction of both spin-
less particles and of particles with spins of 0 and 1/2, within the limits of
the Khuri concept [8], which has many advantages when compared with the Regge
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concept [5, 6] used by the authors of [1-4]. The Khuri concept [8], in dis-
tinction from the Regge concept [5, 6], leads to correct analytical properties
of scattering amplitude in the complex plane z(z = cos ¢, ¢ is the

scattering angle in the center of mass system) and to the exponential decrease
of partial scattering amplitudes as the moment of 7 increases. This circum-
stance permits us to hope that the area of applicability of the method de-
veloped according to the variable ¢ function will be broader than that indi-
cated in [1]. In the case of resonance interaction of particles with spins

of 0 and 1/2, as indicated in [9], yet another interesting effect occurs in
addition to the SAU effect, namely, polarization of secondary particles which
is not present in a purely Breit-Wigner case. The theory of complex moments
predicts the angular process of polarization.

This result permits us to carry out direct verification of the hypothesis
of complex moments on the basis of experimental data and to establish the
limits of its applicability. We present in the article step-by-step calcula-
tion of Coulomb interaction which must be taken into consideration during
resonance scattering of charged particles. The theory developed is then ap-
plied to resonance scattering of a-particles and protons in a nucleus of C!2,
The path of the trajectories of Regge poles is determined when compared with
the experiment. It was shown that the Khuri method leads to results which dif-
fer slightly in the case of a-particle scattering in a C!2 nucleus from the re-
sults from [1-3].

Upon analysis of the data on o-particle scattering in a C!2 nucleus the
position of the amplitude cross-section of the reaction in a complex plane of
variable z was considered as a variable parameter. The value of this parameter
found by analysis was quite close to that calculated theoretically. This re-
sult also proves the benefit of the concept being developed.

2. Scattering Amplitude of Spinless Particles in the Khuri Concept

It was shown in the non-relativistic theory of complex moments developed
in the papers of Regge [5, 6] that scattering is a meromorphic function of or-
bital moment 7 in a half-plane Rel > -1/2. Applying in this case the Watson- /52
Sommerfeld transformation [5, 6] to the usual expansion of scattering amplitude T
into a series by Legendre polynomials, Regge obtained the following concept for
scattering amplitude f(s, z) [s = k? is the square of the pulse in the center
of mass system, and z cos #; ¢ js the scattering angle in the center of mass

svstem]:
fs 9= S+ DEEPE =
[4

foo

. ) (1
| P ) L

=Ty cos Th

—ijoo
rn (S) P)\,,"'/z (—2)-2"n

Mj
- v},.j k sin 5
n=1
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n
- 1/2 is the position of the n-th pole of the meromorphic function £(X,s)
[the Regge pole] in the half-plane of a complex variable, A and rn(s) is the

where A = 1 + 1/2, Pj(z) is a Legendre function of the first type, Zn = A_ -

deduction in the pole of partial amplitude f(A, s), and N is the number of
poles of £(x, s) when Re A > 0. The ﬁeromorphicity'of f(x, s) was not proved
for an arbitrary potential. However, it was indicated in Khuri's paper [8]
that the concept of (1) occurs in a quite ordinary case when the interaction is
described by superposition of Yukawa potentials, i.e.,

Vir)= z‘o a (1) N dy., (2)

m

where V(r) is the interaction potential. The partial amplitude of f(i, s) in
the half-plane Rel > -1/2 is meromorphic and has [l |+ = in asymptotic beha-
vior.

. C(s)y _—k
[, 8)—~ vy € (3)

where cosh £ = 1 + m2/25, m is the lower limit of integration in formula (2).

We note that the polar members in formula (1) return to infinity when
z > 0 and consequently cannot be the real scattering amplitude over the entire
range of angles of secondary particle escape [1]. Moreover, if expression (1)
is continued analytically to non-physical complex values of z, each of the
two members in expression (1) will have a cross-section beginning at z = 1.
It is nevertheless known [12] that the cross-section in a z-plane at an ampli-
tude of f(s, z) begins at z = cosh £ = 1 + m2/2$. However, it becomes possible
to find another concept of f(s, z) free of the disadvantages indicated above
[8]. 1In order to do this we turn to the following integral concept of Legendre
function.which occurs in the range of -1/2 < Rex < 1/2:

ok Py ., ? _e?‘:"‘shxdx (4)
cOSs TA 232 ) (chx— 2 )

-0

The integral in (1) is selected according to the path of Rerx = 0 and conse-

quently expression (4) may be substituted in it. In this case,

¢ B(x. 5)shx I\ raPy —ay, (=2) ) (5)
f(S, Z) = ! — 5. B,(f\‘_s)s_h’ld_x. 97 N Tn )z,,—’/? n
ky'2 s (chx—2)*/1 + 2w Z k cos sk,

=1
where
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~+ioco
B(x, s) = ___211 j DEFF, 5).

—ijco

(6)

When x < &, it is possible, by using (3) and the fact that the function of
f(A, s) is meromorphic in the right half-plane, to express the integral of B
by the poles of f located in the right half-plane of Re A > 0. 1In order to do
this, we present the function of B in the form

B=B;%(x—5)+ Br 3t — x).

(7)
Here #(y) is a step function--d9(y > 0) = 1 and 9(y < 0) = Where x < £ the
contour in (6) may be enclosed in the right-half-plane of As a result
N )\nx
B(x, s) =Br(x, 8) =— N r,(s)e”, x <& (8)
=1 .
We will now write concept (6) as
v B, shx dx 1
s, 2 ' +— X
fs,2)= V2 k5 (chx —z)"/ k
(9)

N £
1 ' sh xdx 2k, Pl,,—’/z (—2)
Xl |+ — +
V2 (chx—2)"/s cos Tth,
n=1 —00

We can prove [8] that the cross- sectlon in the complex z-plane of the expression

in brackets begins from point z = 1 m 2/2s, as it should be for potentials of
type (2). Since the meromorphicity of £(), s) is not proved in a general case,
we shall consider that the amplitude cross-section is determined in each speci-
fic case by analysis of the characteristics of scattering amplitude according
to variable z on the basis of the simplest Feinman diagram [13]. If f(x, s) is
meromorphic over the entire A-plane, BL is determined by left (Rel < 0) charac-

teristics of £(A, s). In this case

f(s, 2)= ZR(S z, N\, (10)
where ¢
R=r(s)]— 1 & shix dx i
o %3 f !
e (chx—2) (11)
27\, Pk iy, =2
-+ , Ret,>0;
cOS A
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© A x.
- In (s)S e shxdx  p.y -0, (12)
R="z ) (chx—n)lr’ i

Summation in (10) is carried out for all poles of partial amplitude f£(A,s).
Concept (9) is called the Khuri concept [8] and will be used henceforth. The
Khuri concept in a relativistic case should be modified by calculating the
left-handed cross-section of scattering amplitude in the complex plane 1. We
shall henceforth limit ourselves to consideration of only a non-relativistic
case and will discount the contribution of the left-handed cross-section having
an order of relativistic correction.

3. Differential Scattering Cross-Section of Spintess Particles

Let us consider a case when one of the poles of partial amplitude f(X, s)
approached near the real axis of the plane of A to a semi-integral value (i.e.,
to an integral value of moment ). We shall introduce the notation

)\i;=l+"(3)+l/2v [v(s) | €1, (13)

where Ai is the position of the pole approaching the semi-integral value. If
the other poles An(s) are located in the complex plane at a distance from the
real axis, the term in (11) corresponding to A will be large in comparison with

the remaining terms!, and may be limited only by the polar amplitude corres-
ponding to the pole of Ai which by virtue of (13) may be presented approximately

in the form

16,9 = [ =P P@ — P& — @ DR —

v

— S, 2+ o(v)] . (14)
Here
S . i : e(H—IIZ)xshx |
I(Er 2) = vz _j; (Chx-—-z)alz dx; (15)
0P, (—=2)
Rz(2)==(——)l[ AaA ]'le (16)

The functions of RZ(Z) were introduced in [1] where recurrent relations

T Tt is simple to ascertain from ébﬁééﬁzgifij_siv(§j'fhéf_fhé'26ﬁf§ibﬁtion of
the poles far removed from the real axis are exponentially small according to
the variable of A [1].
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and the concrete form of functions Ry (z) are reduced for 7 = 0, 1, 2, 3 and 4.

Since the main term in the amplitude of (14) has an order of 1/v according

to the variable v, it is valid for us to calculate the remaining corrections
(~1), because corrections from other polar members are exponentially small be-
cause of their remoteness from the real axis.

Let us clarify the transition from (14) into the Breit-Wigner formula.

For a narrow resonance %L<§1,F the width and EO is the location of re-
sonance}V(E)=?»’(Eo) (E—Eo—}-i%—) is close to E = Ey, and the main term in (14)

assumes the Breit-Wigner form

2041 r .
fo, = —-EEL T 20
E_Eo+i——2— . (17)
where I¥=)y:§? . As was noted in [1], no other characteristic other than the

poles could lead to the Breit-Wigner formulas. The Khuri scattering amplitude

(14) possesses the correct analytical properties in the z-plane, remains

finite during forward scattering and its partial amplitudes decrease exponen-

tially as 7 increases, as it should be according to general physical concepts, /56
by virtue of the finiteness of the action radius of nuclear forces: _—

fs M= [P @R, 2 W dz =
N (18)

R G B
A—N

;b= 14,

:rl

Thus, the amplitude and the Khuri concept [8] satisfies the basic physical
requirements necessary, which makes it possible to look forward to a descrip-
tion of resonance scattering over a wider range of angles of secondary parti-
cle escape than was noted in [1].

In the case when scattering amplitude may be presented in the form of (14),
the differential scattering cross-section of spinless particles has the form

ds Irl. |3’ R _
da = g (G0 PP Re (2 1) P 21 + 19)
1P PR + ofv).
Here
1 -
= -8,
‘%l R1+2[+1 { (20) )
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In the case of Z = 0, 1, 2, and 3 the functions of RZ have the form

7 _anéZE—Qesz+l —{—e“f’—--z,_~ 2¢°
e 2 Ve®_2efz41
% __9efy 4] ef—2
%f:ﬂnVe 2+ * +2+

3-+e® —gefz
_JrE ToEc .
3V et —2ef 21 1

VT oy T ok 7
-0/22==P2(2)]1'1Ve efz4+14e z +’4“(Z2“1)+

+

2 (21)
_J‘_j_z_i_ e35+5e2:,_5e5 (4 + 22) + 152 :
2 101 e _2¢f z 1 1
025 _ ogk £ 30
l/e —2 z+1 +e z 37 s SO
Fs = P3(2)In . 5 + 5% + n X

5 8
P SN N
x 4 18 +

Ge’® 4+ 212% 4 21 (52° —2) e - 212(302—13) ¢ +21(152°—4)
126 )/ 2 _92efz 41

Figure 1 presents the graphs of the functions

ds R A
AN 55T T
do - WP Ay Wl

for different values of 7. Here do/dQx is from (19) and do/dQBW is the Breit-

Wigner differential scattering cross-section. As can be seen, deviation from
the Breit-Wigner cross-section may reach 20% (Rev was considered approximately
equal to 0.02. This will be stipulated somewhat later.

L. Differential Scattering Cross-Section and Polarization of Particles with
Spins of 0 and 1/2

Let us now consider a more complex case of scattering of particles with
spins of 0 and 1/2. The amplitude of such a process may be presented in the
form

F(E, %) = A(E, 9) 4+ enB(E, 9), (22)

where A and B are the scattering amplitudes with and without spin flip, respec-

tively, and n is the single pseudovector perpendicular to the plane of reaction.

It is assumed that the relative internal parity of the particles does not
change during the course of the interaction. Scattering amplitudes A and B may
usually be expanded into a series of partial amplitudes describing the %nter-
action in states with a definite total moment j and a parity of P = (-) PO’
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Figure 1. Angular Distributions of the Resonance Dif-
ferential Scattering Cross-Sections in States with Or-
bital Moments of Z = 0, 1, and 2, Obtained by Breit-
Wigner Formulas (the solid line) and by Formula (19)
of this Paper (the broken line).

where 7 is the orbital moment and P0 is the internal parity of the interacting

particles,

oo

AE, ) = N+ D (B) + U7 (E) Py(eosh);
f=i (23)
B(E, 8) = =5 3 U (B)— i () Pi(cosd).

=1

In the formulas (23) k is the pulse of the reaction and the center of mass sys-
tem, f%(E) are the partial interaction amplitudes in states with a total moment

j =1 % 1/2 and a parity of P = (-)J+1/2P0,respectively, and E is the total

energy in the center of mass system. In the case of elastic scattering

| {24

fE(E) =e !'sindf , where 8+ are the phases of scattering in states with the
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total moment j =

= 17 + 1/2, Fulfilling the Khuri transformation [8] described
in Section 2, we can write amplitudes A and B in the form of the sum of the
contributions from all poles of partial amplitudes

=,’LER,T+7$}R7;

B=2XSt+ 2S5, (24)

where R, r and §_, r are the so-called total polar members [8], corresponding
to the n-th pole of partial amplitudes of f'+ and the r-th pole of f,

RY =

Tny 1 j‘ el"xshx dx +
k 2yZ | J (chx—z)"s
ﬂ'(an"‘l)

3
+ ,
2 (chx-—z)'/s

R =

e)\"xdx } +

cos mh , Pu" (— z)] ;

Ax
el —shx
dx

e’ dx

g
%[—2 11/5[_.3;

(chx—z)'h

-4

St =

(chx — 2)'/s

] + cos 1:7\ (_,_ z)]

e"dx

—ir,
k

U
i)

(chx —2)'

nP; (—2)
n
+ sin wa,

S Ax
- i /1 — 22 |
S,:lr’ ll_zj‘he’dx’

k 2y2 Y, (ck «— 2)*/z

(25)

Here X = + 1/2 o
n,r - “n,r n,
the residues in poles of f”, =

approached close to the real axis
A and B may be put in the form

A=

5="r|
R

Here

I
T is the position of the pole f, and r

S-S p P — DR =+ D X

nP;r (—2)
sin ma,

are
cos 9,

n,r
Assume that one of the poles of ar

Then, reasoning similarly to the foregoing,

+1

X S (& z>+o(v>]:

(26)
Pf —R{ +Si z)+o(v)] :
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St ! s_ei_’._"_sgi.dpr
SPoudn gyr | J o (chx— a2

55 QU %4y

J ez }
27
g Vi=# CeurmE (27
T oyT j;(chx—z)/' '
APl (—2)
b g (- o
R; =(—-) " (28)
The functions of RZ are derived from RZ(Z) on the basis of the relation /60
29
R} (z) = —-sin 9 R (29)
dz
of function
oE ot g1 et —
Slzplane 2e Z2+1+e _ Z+Wh (30)
where PZ is a Legendre polynomial, and WZ satifies the recurrent relation
(17 &
A+ DWey —2z@+ D)W, + W = 20— —
[2(ch&— 2))'/e 1)
3
Gty eURmE
t+2) pbr—g
W /2

—t/2 1 — 2
Wy = (=)

[2(chE —2)]s [2 (chE —2)]'/2

1. (32)

For narrow resonance

as before, the principal members in the amplitudes of (26)
assume the Breit-Wigner form

U+ 'y .
A=— % T P,(2);
E,—Ey+i——
2
Be— . Tx P! (2).
E—Ey+i—" (33)
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The terms of RZ’ R%, SZ’ S% in (26) have no analogs in the common theory of
resonance reactions. First, they lead to definite deviations in angular dis-
tributions when compared with the simple Breit-Wigner formula, and, secondly,
the complexity of the angular moment of resonance level causes polarization to
appear, while polarization according to the Breit-Wigner formulas of (33) is
equal to zero and occurs only as a result of interference with non-resonance
partial amplitudes.

The polar amplitudes of (26) remain finite when z = 1 (forward scattering),
and their partial amplitudes behave as 7 increases in such a manner that a
partial amplitude with a parity corresponding to resonance parity decreases /61
exponentially as I increases, and a partial amplitude of opposite parity is
equal to zero for all 1. We can prove that

ela—D &

+-—-_. .
fl— ri « — |

- r;
(34)
fr =0,

i.e., the Regge poles with a definite parity cannot generate partial amplitudes
of opposite parity. In connection with this we may note that phase analysis of
mN-scattering in the range of 3/2-3/2 resonance carried out by V. G. Zinov
et al [10] indicates that the phase P1/2 near resonance does not exceed 2°,

while the resonance P3/2—phase is of the order of 90°, and the 83/2—phase is

of the order of 20°, which agrees qualitatively with the requirements of the
Khuri model (it permits an exponential smallness of non-resonance phases having
a parity opposite to resonance phase). We shall not concern ourselves in this
paper with the problem of applying the Regge-pole approach to resonances in

the relativistic range, but this problem is undoubtedly of interest [9]. We
may note yet another property of polar amplitudes in the Khuri concept [8].

In the purely polar approach, as was indicated in [11], the relations of uni-
tarity in the elastic range makes it possible to relate the residue in the
Regge pole to the position of the pole r, = imv. In the Khuri concept, as can

be easily seen from (34), such a relation is observed with an accuracy to terms
of the order of v?

ri = Imv 4 o (v3). (35)

If in (24) we ignore the contributions of all poles except the main one, the
differential cross-section and polarization of particles occurring in a reso-
nance reaction have the form (the particles are not polarized in the initial
state)
ds lr? 2 112 D(R)* +
ia LA L Py (P})® + Rev [ + 1) (P)
m'"KHﬁ“L+n(l)+(l)

+ U+ 12P2,+ PLAIN +00%; (36)
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P=n(-Z) Re(4B") =

. 1 4 1y __ 1
— -2l [ LD (P Z HFD P } + 00
@+ 02 (P)* + (P})

In (36) and (37) we introduce the notation

R1+Sl=ﬁl;
Rl + 8} =2%.

(37)

(38)
(39)

In the simplest cases 7 = 0 and 1 in accordance with the results of [9] and

(27)-(32)
VR +p—2 E .
== 1 - 1]
Fp=In 2 [2(chE~2)]/e
Ao = sind ___Vf—:_{—ﬁ ;
VR(YR +8—2)
2 Gl

VR +B—z
B 1 + 2 '
R, =zIn 5 + (2 @bt — s

R sm%{n 5 +z1fﬁ(1/'§'+5—z)

o512 }
[2(chE —2)1z

and (36) and (37) assume the form:

a) 2 =0
2 5 E/2
de _ lry | 1+IHVR+5——Z__ e y }X
de B 2 {2 (ch & — 2)]"s
><2Rev+1-‘;
, VR +8 .
P =2nlmvy-sind ————— )
s YR(WYR+8—23
b) 1 =1
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(44)
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ds Irl2 = a_
) =7¢T‘r{Tl'-‘-[l — 322 - 2Rev [722——1 +(522—1)1nm42‘3_i +-
et —& /46
(22 —1) _—/2_‘_. 44z _"-_/_2—3_‘_'__(1 —22) X
[2(chE—2)]'/s [2(chE — 2)]'/s (46)
(VR +8)2 ]}
YR(WR +é—2)

o—tI2

— .si _?_——~— —_ — 47
P’ =2nImv-sind —— { (1 )[2@hg—-a]“ (47)
AR +8) el }
 YR(YR+B—2 [R(hg—a"
In (43-(47) we introduce the notations
R =p*— 2Bzt |, where B =¢* . (48)

Formulas (36) and (37) predict the deviations of angular distribution from the
simple form

S [ 1)2PY (P

and the polarization of P' from zero, which occurs in a purely Breit-Wigner
case. Comparison of (36) and (37) with the experiment would make it possible
to determine both the real and imaginary parts of the position of the Regge
pole in the energy range within the resonance region, which in the case of
spinless particles would not be possible without phase analysis if one of

the interacting particles is neutral. Nevertheless we can obtain information
about the imaginary and real parts of the position of the Regge pole without
Coulomb interaction, analyzing the scattering phases as this is done for spin-
less particles in [1] and for particles with spins of 0 and 1/2 in [4]. Ex-
perimental measurement of the polarization of secondary particles could be
done by the direct method of checking the single-pole mechanism of resonance
reactions, since (37) predicts the angular path of polarization. The absolute
value of polarization may be quite discernible, if the imaginary part of the
position of the Regge pole is sufficiently high. If Imv ~ 0.1, then, accor-
ding to (37), polarization may attain several tens of percents. More fruit-
ful possibilities occur if the primary particles are polarized. In this case
the angular distribution of the particles may be written thusly

— |A® + |BY| + 2Re (AB*)nP =

T ;1|; (L + D2(P)*+ (P1)2+2Rev [({ + )(P)2 + (L + 1) (49)
X P2 + Pt -%1] +2lmvy [l + 1) (P‘_ﬂj‘/l '—Pl‘aﬂl)"‘Pth]'nP};
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dg KR
4 (L 1)2 #P, — PLA}) P+ 2 [(P])? 4 2Re yPi i) n (0P) + (50)

+2[(+ 1)P1Pl +ReV(P1pl +P,.9?“—1-Pl‘/2,)][np
A 2Imiv [(I + 1)(P1-%t —.%,P;)——P,P;]n}

P ( ds ) 1 |rgl? LG (l+1)2(P1)2—(Pl )2+2Rev[(l+ 1)(P1)2

5. Calculation of Coulomb Interaction at Scattering Resonance of Charged

Particles
We can present the scattering amplitude of charged spinless particles in / 6
the form
fE )_. ; 2n+l)efl(cn-l-ﬁ,;)Pn(z):fc_,__fN, (51)
where
o1 (on s )P, () = ——CO
f 2ik o, (2n + )e " n(Z) k(l___z)l"H"“ ’ (52)
2,20€2 .
nN=—, T s the Coulomb parameter,
210 . . 11\ 200 (53)
eVn =T (n 414 )T (n+1-—in); C(n) = —mn27e"
N —%E @n 1. 1)e¥ fN.P, (2); f =ePnsin s, (53a)

Because the Coulomb partial amplitude is limited when | > = and has no pecu-
Iiarities in the right-half plane of X when E > 0, resonances during scattering
of charged particles are determined by the poles of E and nuclear amplitudes

NGY

We know [2] that if the functions of f}(z) (j =1, 2, 3) are expanded into

series according to Legendre polynomials

@)= 3 @n+1)a’P,(2) (54)
n=0
() .M, e

such that a =a - ‘a R
n n n

Fa(e) = Iy () = = { Fa(mam) fo (nan) 42 (55)
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where n,, n,, and n, are unit vectors, dQn = sin 9dpdeé. Let us take as fl the

function
~ hed \ fN
fN (E, Z) = n‘?;o(?n 4+ 1)fnPu (Z), (56)

which can be presented in the form of (11). Let us take the Coulomb amplitude
f€ (52) as f,(z'). Using relation (55), we write N as

N fﬂi— V R (s; nyngh,) f* (na, n)d@n, (57)
n=1

where R is determined by (11).

In the case when the main role in the amplitude of fN is played by the

pole approaching the real axis, it may be written in the form

N oy [_ f(@) — P () — @l + 1) Ri () —
(58)
— S5, 9+ o ()]
Here . — Pfk-ﬂ] .
P{ =@Vl Ppy Ry = (—)e TH—— |
) i 2% (59)
¢ i C("’:) { ’
L (2) =_‘2’%jpx (g, 1)/ (nyn)-dQp = = ){ dz §x
N d ' s [V .
o “: "‘—P (220 [(1-—23 (1 — 7)) 2 cos @); (60)
2 forer |
St == dz’ \dy | X
/ . .
e )y _l (61)
X e)"l shxdx
(l — )1 (chx — 22 [(1 —22)(1 — 2z ')] /Zgoup) ’la "

The functions of P (z) and S (z) are not expressed in the form of a finite com-

bination of elementary functlons and require numerical integration. The dif-
ferential cross- sectlon of resonance scattering of charged particles has the
form do/dQ = |fC€ + i l with fN from (58). We may note that if the differential
cross-section during scattering of the charged particles is determined only by
the real part of the polar position, we can determine both the real and ima-
ginary parts of the pole position by measuring the differential scattering
cross-section of the charged particles.
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It is obvious from what has been said that in the case of the scattering
of charged particles having a spin, polar nuclear scattering amplitude of
N = A + onB, where Alan? B arelsimilar to t?oselwrigte? in1(26) wi}h substi-
; - . ¢ pC plc plc c plc c -
tution of PZ’ RZ’SZ’SZ’RZ and PZ for P5,R ,RZ ’PZ ’SZ’SZ ,PZ and RZ are re
lated to R% and P% by relations similar to those of (29), and

1 2%

SlczsinQC('ﬂ) dz’ S‘dcpx
T eys J (1=z)tt

£ RS AEES (62)

j (chx —2z' [(1—2) (1— )T cos /s

—_—

The differential scattering cross-section and polarization of charged particles
having a spin is given by the expression

ds . Niq.
o =|fe+ 7% (63)
p’ — 2Rel( +4) B¥]
d:
da

Q

(64)

B

When writing expressions (63)-(64) we assumed that we could ignore spin-orbital
forces in a Coulomb amplitude in a non-relativistic case.

6. The Relationship of the Regge Pole Position with Phase Shifts

In those cases when a phase analysis is conducted of experimental data on
a resonance nuclear reaction, it is feasible to use the relation of the Regge
partial amplitude with the phase shifts derived from the experiment in order to
find the trajectory of the resonating Regge pole and to verify the Regge
character of the resonance.

In order to obtain these relations, we shall proceed on the basis of (18),
(34) and (35). We obtain from these formulas with an accuracy to terms of the
order of v2 the relationship of the resonance scattering phase with the para-
meters of the Regge pole trajectory in the energy range close to resonance

Rev

cotan feg = —-—. (65)
For non-resonance phases with the same accuracy, we have
S — _ Imv 1  -Rev —E)
cotan¢, = —lm ( P ) ' (66)
where n = (Zres - 1).
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We can determine the trajectory of the resonating Regge pole with the
help of (65) and (66) and by using the part of scattering phases known from ex-
perience. Knowing the parameters of the Regge pole {Imv and Rev), we can now

calculate the remaining scattering phases in the energy range close to resonance.

Comparison of the phases calculated with those found from phase analysis would
permit us to directly verify the Regge character of the resonance being studied,
as well as to establish real limits of applicability of the single-pole model.
We note in conclusion that the phases considered here are the so-called
"nuclear'" phase shifts GZ, which do not contain the Coulomb interaction. Re-

lations (65) and (66) are valid both in the case of interaction of spinless
particles and in the case of the interaction of particles with spins of 0 and
1/2. As has been noted already, the single-pole approach in the Khuri concept
does not permit calculation of the scattering phase in states with a parity
opposite that of resonance. Such a possibility occurs only upon calculation
of several poles having different parity.

7. Application of the Khuri Method to Resonance Scattering of o-Particles and
Protons and C12 Nuclei

Let us apply the Khuri method [8] to resonance scattering of o-particles
in C!? nuclei near a resonance of 1*. Experimental data on this reaction are
contained in [7], where the first five nuclear scattering phases were deter-
mined (this renders calculation of the Coulomb interaction superfluous, be-
cause we can compare purely nuclear amplitudes).

Comparing the expressions for nuclear scattering amplitudes, resulting

from phase analysis [12]

.

m=3%4€ﬁ—4)+3uéﬁ—w+“§6ﬁ—3a@%—nl (67)

and from the Khuri method

Jo = e P (@ DP v (2P 4 (2 4 DI = 5 X
VR4p—z , 3(B—0) 6343 (68)
><r1+[3z+v(3zln R S et —

we can obtaln the trajectories Rev and Imv of the Regge pole in the resonance
region of 1*. Numerical results are presented in Figure 2. The figure also
contains the results obtained for this case in [1, 3] with the use of polar
amplitudes in the Regge form. Qualitative agreement between all papers is good,
but correct calculation of the right cross-section of scattering amplitude in
the plane z leads to the fact that the trajectory of the pole presses closely
against the real axis and, subsequently, describes the process over a wider
energy range.
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Figure 2. Trajectories of a Regge Pole Near a
Resonance of 1F of a C!2 Nucleus.

/68
Expressions (67) and (68) were equated at different values of the cosign
of scattering angle z, but at identical energy. We determined Rev, Imv and &
if hl _\fxlz
=bnt

from the set of equations obtained in such a manner that the value i lfhk

did not exceed 0.01. 1In order to check the correctness of the values of Rev,
Imv, and £ obtained, they were substituted into expression (68) and the ampli-
tudes of (67) and (68) were compared for other values of z. It turned out that

2
the value of E/f ¥Eﬁfégi! did not exceed 0.02, at any values of z. Rev and
’ph
Imv were found corresponding to energies of an o-particle from 2.9 to 3.5 MeV
through 0.1 MeV, The value of &, which determined the beginning of the cross-
section in the Z-plane of scattering amplitude, was equal to £ = 0.08., On the
other hand, we can determine the position of peculiarity on the basis of con-
sidering the triangular diagram of Figure 3. The method of determining the be-
ginning of anomalous peculiarities caused by the triangular diagrams was worked
out in [13]. 1In accordance with the results of this paper the value of £ is
expressed for Figure 3 by formula

(Mcnz + M) mpemg (g, 4 my — Mcu)

chg=14
(mBW +”ld) M (Esz + E ) ’

(69)

where M and m are the masses of corresponding particles, and E is their energies.

We obtain a value £ = 0.10 for the diagram of Figure 3 closely corresponding
with that of the experiment.
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Figure 3. A Diagram Determining the
Cross-Section Position of Scatt?ring
Amplitude of oa-Particles in a C 2
Nucleus in a Complex Z-Plane. Figure 4. The Trajectory of a Regge
P?ée Near a Resonance of 17/2 of a
C'“ Nucleus:
Besides analysis of elastic reso- O — Rev:
nance scattering of a-particles in ¢l2 A — Imv.

nuclei, we also attempted to analyze

the results of proton scattering in a

C12 nucleus near a resonance of 1/2%.

Experimental data on this scattering are contained in [14], where the relations
of scattering cross-section P in a c12 nucleus are determined according to a
purely Coulomb interaction for scattering angles from 30 to 160° in a center

of mass system near a resonance of 1/2%* with an accuracy to 0.02. We calcu-
lated Coulomb interaction in this case because there was no phase analysis.

Rev and Imv were determined by the methods similar to that described above with
an accuray to 0.005 for proton energies equal to 0.40, 0.45 and 0.50 MeV. The
trajectories of Rev and Imv obtained are given in Figure 4. The qualitative
behavior of the trajectories is the same as in the previous case. Unfortunately,
the possibility of experimental data in this case does not permit us a more de-
tailed analysis and verification of the stability of Rev and Imv obtained by
different methods.

8. Conclusion

Analysis of the amplitude of resonance nuclear scattering conducted in /70
this article indicates that the theory of complex moments, even in its simplest
single-pole form, may lay claim to a more complete description of resonance
nuclear reactions than the simple Breit-Wigner model. Processing of the experi-
mental data on resonance scattering of a-particles in €12 nuclei on the basis
of the new method indicates that this process is fully described in practice by
two parameters of Rev and Imv (instead of five phases in the phase analysis
method). These parameters are stable, i.e., they are hardly dependent on the
method of their determination. Moreover, variation of the parameter of £,
which determines the position of amplitude cross-section in plane z, led to a
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value of £ close to the theoretical value. All these results prove the useful -
ness of the method of complex moments. However, there are very few good ex-
perimental data at present. There are hardly any data on polarization of
secondary particles in resonance nuclear reactions. We should like very much
to obtain such data (along with data on the angular distributions of secondary
particles), since these data make it possible to verify directly the applica-
bility of the Regge pole concept to resonance nuclear reactions.

The authors are grateful to V. M. Galitskiy, E. I. Dolinskiy and V. S.
Popov for discussion of problems touched on in this article.
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A UNIVERSAL METHOD OF PROCESSING THE TRACKS
OF ARBITRARY CURVATURE ON BUBBLE CHAMBER TRACKS

K. N. Mukhin, A. S. Romantseva, |. A. Svetlolobov, M. M.
Sulkovskaya, S. A. Chuyeva and R. S. Shlyapnikov

ABSTRACT. This article presents a universal method of
calculating the tracks of charged particles in bubble
chambers. The data base for such calculations are the co-
ordinates of a number of points of the track being studied,
measured on special devices. The track is approximated by
the segment of a helicoid, but such approximation is com-
pletely valid only when there are no energy losses by the
charged particle. The problem is often further simplified
by projecting the track onto a plane normal to the vector
of magnetic field intensity, such projection being approxi-
mated by a Probala. This approximation is sufficiently ac-
curate only when considering the arcs of a circle small in
comparison with the radius. The method proposed in this
paper is suitable to determine the parameters of a track

of variable and arbitrarily large curvature over the entire
energy range and length measured.

1. Introduction

Calculating methods using an electronic computer (EVM) are presently used
to determine the parameters of tracks of charged particles in tracking devices.
The coordinates of a number of points of the track understudy, measured on
special devices, comprise the principal aggregate of data for such calculation.

The basis of most calculating methods is to find the space curve of a
given type which approximates the track and which satisfies in the best manners
the initial aggregate of the coordinates of points measured. Approximating the
track by a segment of a helicoid is most often used for tracking devices placed
in a uniform magnetic field. Such approximation is completely valid only when
there are no energy losses of the charged particle. Addition simplification of
the problem is often done in practical variants, which include the fact that
projection of a track onto a plane normal to the vector of magnetic field in-
tensity is approximated by Prabola. This additional approximation is valid
with sufficient accuracy only when considering the arcs of a circle which are
small when compared with the radius.

Use of the indicated approximations in bubble chambers with a light-weight
filling and a weak magnetic field intensity is justified over a wide energy
range of particles. However, the range of applicability of the indicated ap-
proximations is very limited for chambers with a heavy filling and a strong
magnetic field intensity. A calculating technique which takes into considera-
tion the particle energy losses in a substance is required to investigate par-
ticle tracks in this case. It is very desirable to preserve the universality
of the method and its maximum calculating efficiency.
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The method presented in this paper is suitable for determining the tracx
parameters of variable and arbitrarily large curvature over the entire energy
range and length measured.

2. The Principal Fundamentals of the Calculating Method

In order to investigate the possible ways of determining the track para- /72
meters of charged particles in a magnetic field when there are ionization __
losses, let us compare the motion which defines the trajectory of a particle
in this case:

do _ Loy 9 p}
da E,[pm ds E ° (1

Ionization deceleration is calculated by the term dp/ds<p/e. When integ-
rating this equation it is convenient to convert to the variable s as a para-
meter. Solution of the equation yields the following expression for the par-
ticle trajectory in Cartesian coordinates x, y, and z:

s s 1
ds
— o — lds; l
X= sm6§ cosH.j‘p(s) s |
] . '? (2)
. o ds -
yz-—smeﬁ[mnﬁ Y d&l
0 0
2z =scos® 2. l

It follows from expression (2) that the particle trajectory in a general
case is a spatial spiral untwisted from the point where the particle stops and
coiled at a constant angle onto the lines of force of the magnetic field. At
known values of p(s), H, 6, s, expression (2) makes it possible to calculate
all the required track parameters at a given point.

In practice the segment of particle trajectory not containing its point of
stopping is usually measured in a known field H. Thus, the problem of finding /73
the parameters of a particle track results in determining the position of the T
trajectory segment measured on the common trajectory described by expression
(2). The initial aggregate of the data in this case is that of the space co-
ordinates of a sequential series of points measured on a given segment in a
specific system of calculation.

1 Here and in further presentation the charge of the electron in all cases is
assumed to be e = 1 and the speed of light ¢ = 1.

2 The simplest form of solution is presented--the origin of the coordinates is
located at the point where the particle stops; z ||H; 0 is the angle between the
axis of z and the particle tangent to the trajectory and is an arbitrary initial
parameter.
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When investigating the aggregate of tracks which generate selected events,
there is usually a physical hypothesis determining the form of the particles
generating the tracks, and, thus, the form of the function of p(s) is pre-
determined. We shall henceforth consider the form of function p(s) to be known
for different particles—-pl(s), pz(s) and p3(s).

It is not possible to find the optimum values of the parameters of S1s Sy

and © directly by the method of least squares due to the complexity of expres-
sion (2). One of the possible ways of overcoming this difficulty is to sim-
plify the relations of (2), i.e., by approximating the trajectory by these
simpler curves (for example, by the Helicoid already mentioned). However, this
method always limits the area of applicability of the calculating method.
Another possible method is to find instead of S1» Sy and 6 auxiliary values

(clearly related to S1» So and 8) which can be determined by a simple method

according to the initial aggregate of the data.

We selected the following as auxiliary parameters--As is the length of the
arc of the measured track; I is the area of the curvalinear segment formed in
the plane X, Y by projection of the track arc and which subtends its cord; Az
is the projection of the track onto axis Z!. Selection of these parameters is
determined by the fact that their values may be obtained simply and with a suf-
ficient degree of accuracy from measuring the coordinates of the track points
without resorting to any approximation which predetermines the form of the
particle trajectory.

Using expression (2), we obtain the following relations linking the para-
meters As, Az, and % with parameters S1s So and ©:

Az -- Ascos O;
As = s, — 3;

(3)

1We shall henceforth call the proposed method the area method in connection with
using the area of the segment I as one of the parameters.
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The equations of (3) provide the best opportunity to determine the values /74
of 6, s, and S, from known values of parameters As, £ and Az. However, due

to the complexity of equation (3) it is possible to obtain a clear expression
for the values of 1 and S, only by making simplifying assumptions.

Let us examine in particular to which relations the calculating method
leads when there are no ionization losses. In this case we should assume p(s) =
= const = p, in expression (3). Integrating expression (3) we obtain:

Az = Ascos §;
As =s5,— 813

Z =L Paginzg (As———"1 sin LA ) (4)
2  H H Po

It is apparent from expression (4) that the right number of the equation
which determines I is the area of the segment with radius R = Py sin 6/H and an

arc length of track projection L = As sin 6 onto the plane X, Y.

Assuming L € R, we can simplify the expression for I, expanding it into
a series to the first nonzero term:

V _ sin2 0HAs3
Zd 12p, (5)

or by introducing the trajection length of arc L = As sin 6, we obtain

. HIL3
E - 120, sin0 ° (6)

We can clearly define from expression (6) Py sin 6 as the projection of the

pulse in the plane X, Y:

HL?
1oz (7)

Do sinb =

Let us consider how the approximation (7) corresponds to the approximation of
the track projection by a Probala which is used under the conditions indicated.
It is assumed in this case that Py sin 6 = HR, where R is determined by the

equation of the Probala approximating the track; the Probala has the form y =
= Ax2, where R = 1/2A in a simpler case of symmetrical distribution. If we
express the value of R by the length of the Probala arc L and the area of its

segment, we obtain Py sin @ = HL;ar/IZZpar. Thus, both methods of calculation

in this case lead to equivalent results,
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3. Determination of Parameters As, I, Az by Track Point Coordinates x, y and z

We determined the value of As as the sum of the cord lengths which subtend /75
successive pairs of points

= 20 (8)

When As is determined in this manner, the segments of partial arcs of the
space curve of the track are approximated by the cords. It is obvious that
this approximation leads to an underestimation of the value of As 1n the ab-
sence of experimental errors.

Let us estimate the systematic error when determining As. The small seg-
ment of the arc between two successive points may be considered to be a plane
curve with a constant radius of curvature R. In this case the difference of
the arc length Asg and of the cord As is determined in the first approxi-

i i
mation by the expression
As?

(]
As,, — A, = D)

T R 9

Assuming As, = As/n (uniform dissection), we obtain the following expression for
total systematic error of §(As):

At wy | Ast
©o24n® o J Rf —'5:2:11‘12 Rz : (10)

5 (AS)

The relative error in determining As, and =(As) will be equal to

As? 1
e (As) = San:  RE (11)

Assuming that an order of ten points is placed on the track during the measure-
ment and that the value of the arc measured As ~ R, we can estimate the syste-
matic error €(As). In this case it comprises a value of the order of 0.05%

We need not concern ourselves with a similar error in determining As, because
other reasons lead to significantly larger errors.

We determine the value of I as the area of a polygon with its apexes at

the measured points. Arranging the.x axis in the direction of the cord which
subtends the end points, it is easy to calculate the area indicated:
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Z = —;— E(yi 4 Yipr) (i — X ). a2

This approximation also leads to a systematic error--underestimation of the

area measured in relation to the true area. Let us estimate the error which /76
occurs. Considering the small segments of track projection as arcs of the cir-
cle, we obtain a segment of error in the form

62L’ == 12R; . (13)

Assuming Lx, = L/n (uniform dissection), we obtain

N N S
T o (14)

The relative error in I in the case where the trajectory is the circumference,
is

L3 2
e(X) = : :
12n2R LR <]——R—sin-7€-> (15)

h

Estimating the value of €(Z) and assuming, as in the previous case, that L~ R
at a number of disections n ~ 10, we obtain the value of relative error (%) ~
~ 1%. Such a systematic error when determining I may be ignored in most cases.

We determine the value of Azi as the difference of successive values of
the coordinates Azi = zi - Zl'

Using the values of Azi determined in this manner and Asi corresponding to

them, we can find cos 6 from the first equation of (3) by the method of least
squares.

The described determination of parameters As, %, Az by the initial aggre-
gate of the data is thus derived from simple calculating formulas. It is
extremely important that this does not place any limits on the values of the
arc of the curve measured and its curvature. Systematic errors in determining
the parameters in this case may be kept within specified limits by intelligent
selection of a number of points to be measured on the track. However, in prac-
tice the coordinates of the initial aggregate of the points are distorted due
to inaccuracy of measurements, multiple scattering and other reasons. The
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values of parameters As, I and Az obtained by the formulas indicated above will
contain additional errors. Investigation of these errors is given in Section 6.

k. Logical Arrangement of the Program

A program was compiled on an electronic computer in order to calculate the
parameters of tracks according to the method of areas described above. The
initial part of the program, which includes calculation of space coordinates of
the track point, length of the track As, angle 6 and area & s, are not of

meas
particular interest. The basic part of the program consists of finding the /77
parameters of Sq and Sy- The method of successive approximations, which in-

cludes the following, is used to determine them.

We find the calculated value of the area of Zth from (3) by numerical

eor
integration for the given angle of 6 on the assumption that the measured sec-
tion of the track corresponds to the particle at rest with a path of As (s1 =
= 0 and s, = As). The values of & and Z

2 meas theor
particle at rest with a path of As describes the trajectory with the greatest
segment area, I with an accuracy to errors when determining
zmeas' If Zmeas = Ztheor
ticle at rest. The initial pulse at point s

are compared. Because the

<

meas —-Ztheor
, the event measured actually corresponds to the par-
2 is determined by the dependence
theor
the form of a table of values of p(s) at a series of points s. The intermediate
values required to calculate this function are located by logarithmic inter-

polation between two given points. If Zm the limits of integrating

p(s). Function p(s) used to calculate ¥ and p is fed into the computer in

<
eas theor’

1 and s, in (3) with the constant step 8s change successively:

s, =i3s; sp = As 4 ids. (16)

The process of calculation is continued until the equality of Zmeas =

Ziheor 1S achieved. The pulses Py and p, are located at the beginning and end

of the track when the values of 51 and s, are determined in such a manner.

The value of 6s = 0.2 cm in the program written, the step of integrating
in (3) is constant and is equal to 0.2 cm. The function of p(s) was given in
the range p = 0-400 MeV/c by the table of values at eight points. The program
occupies about 200 cells of the operation storage of a 3-address computer.

5. Experimental Verification of the Method

Verification of the proposed method is accomplished in the track of stopped
nt-mesons, because this makes it possible to clearly identify w*-mesons by
their decay and to determine the path of the pulse to stopping. The dependence
of pulse on the value of the path p(s) for protons of 7- and u-mesons was
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calculated by the method proposed in [1]. A section of the curve p(s) for
protons was constructed simultaneously for control of calculation on the

basis of experimental measurements of the paths of stopped proton output during
elastic interactions [2]. Proton energies were calculated according to re-
action kinematics. Figure 1 depicts the calculated curves of p(s). The
broken line represents the section of the experimental curve calculated by the
method of least squares on the basis of the measured paths of proton output,
indicated in Figure 1 by the points. The solid lines inside which lie the sec-
tion of the experimental curve limit the area of error equal to a single stan-

dard deviation. The close agreement of the calculated and experimental curves
is obvious.
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Figure 1.

For the selected cases of stopped n -mesons, we calculated the pulse ac-
cording to the described method of areas Ps> and also according to the method
used earlier of approximating the trajectory by a parabola Pp. Such calculation
was carried out for both the total path of P, and for the part of the path
(about one half) PZ’ not including the stopping point. The values obtained were
compared with that of pulse PR which was determined from the value of the path.

Figures 2 and 3 indicate the results of this comparison. It is obvious from the
figures that the method used earlier gives an underestimated value of the pulse
with a large value of spread relative to the pulse determined by the path.

The pulse found by the method of areas PZ (Figure 2) shows a much better
agreement with the pulse of PR' This indicates that the given method yields a
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correct value of the pulse for tracks undergoing significant ionization dece-
leration. The least width of distribution represented in Figure 2 compared /80
with that in Figure 3 indicates a lesser influence on the determined magnitude
of the pulse of the factors which distort its value. Thus, use of the method
of areas permits us to accurately determine the basic characteristics of the

track.
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Figure 2. Figure 3.

6. Estimating Measurement Accuracy by the Method of Areas

The distribution presented in Figure 2 indicates a high average accuracy
of finding the pulse. However, it is very important to determine the effect of

separate factors on the accuracy of this pulse.

In general form the pulse determined by the method of areas is a function
of several variables:

Pl! = f’Hr Eﬂﬁ'eas AS; 0’p(s)]’

where H is the magnetic field intensity, Zmeas is the measured area of the seg-

ment, As is the length of the track, 6 is the angle formed by the tangent of
the track with axis Z, and p(s) is the curve of the pulse path.

Calculations were made in which the indicated parameters were subjected to
numerical variation in order to study the effect of these factors on the value

of pulse Ps.
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The parameters of H and p(s) are one of the basic parameters of calcula-
tion; moreover, their values are fed into the program beforehand. However, in
practice the accuracy of determining these parameters is limited, which leads
to errors in finding the pulse.

The pulse of the selected events for four values of H was calculated in
order to determine the value of the error which occurs due to the inaccurate
value of magnetic field intensity. Figure 4 shows the results of the calcula-
tion. Magnetic field intensity is plotted on the axis of the abscissas, and

the value of relative deviation of pulse PZ from its value PZ when H = 10

kilogauss is plotted on the axis of the ordinates. 0
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It is obvious from the figure that the dependence of relative error in
pulse APZ/PZ on the value of field H is practically linear. In the range of

magnetic fie?d intensity studied APZ/PZ comprises approximately 2.5% at a 10%
deviation of magnetic field intensity from the nominal value.

Figure 5 shows the dependence of mean relative error in a pulse generated
when curve p(s) being used differs from the real curve. The calculated curve
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and the pulse corresponding to it were taken as the nominal curve and pulse /82

Py . Variation of the path-pulse curve was included in the displacement of
0
the nominal curve relative to its initial position. The relative change of the
path AR/R at a given pulse plotted on the axis of the abscissas was employed
as the extent of displacement. The dependence in this case is also practically
linear. The value of APZ/P2 comprises ~ 2.5% when AR/R ~ 10%.
0
Errors on determining the parameters of Zmeas’ As, © occur because of in-
accuracies in measuring the coordinates and because of multiple scattering
which distorts the trajectory of the particle. The effect of variations in

zmeas on the value of PZ is illustrated by Figure 6. Relative. variation of

pulse AP_/P_ , which occurs when there is variation of the area of =
z 20 0 meas
near its nominal value, is plotted on the axis of the ordinants in Figure 6.

It is obvious from the figure that variation of the area by 3% leads to an
error of ~ 1%.

.Errors in determining As and 6 cause a variation of values of the area of

% heor being considered. The error introduced into 2 heor by not knowing

angle 6 may be easily found directly from expression (3), which yields the
following dependence for this error:

é§_= 2 cot BA8.
z

In order to determine the effect of variations of

length on the determination of Ztheor’ we made calcula-

tions in which the value of As was varied s%milgr to that
for T (Figure 6). The result is given in Figure 7.
meas

The effect of errors occurring when measuring the
coordinates was studied separately by repeated multiple
measurements of selected events. Distribution of re-
lative deviations of individual measurements Pi from the

IS i

40t mean value of P are shown in Figure 8.

Summarizing all the reasons studied above for the
occurrence of errors, we can estimate the mean error

207 characteristic for the tracks of mt-mesons studied

r
| (A&wM(W;%?~40%;£§-5%;9n0zQ%ﬂ On the basis

Number of events

rH of this we should expect a value of AP./P, ~ 5%. The

-8 -4 0 4Z7Fg half-width of distribution in Figure 2 should also be
7 -~5% in accordance with this value of AP /P,.

Figure 8.
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Actually, the trajectory distortion as a result of multiple scattering
was not considered in the preceding study. If all the spread observed is ex-
plained by this effect, then it is easy to determine that the fraction of ad-
ditional error will be ~13%.
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A METHOD OF REG!STERING THE ENERGY OF CHARGED
PARTICLES WITH A PROPORT!ONAL LIGHT COUNTER

V. G. Varlamov, B. A. Dolgoshein and A. M. Rogozhin

ABSTRACT. This article describes a proportional light coun-
ter used to record the energy of charged particles. The

gas scintillation counter utilizes a Po210 g-source and

the inside of the counter is filled with an inert gas mix-
ture. The energy of the charged particles is determined by
the magnitude of scintillation caused by the ionization
losses of these particles.

When charged particles pass through a space filled with (xenon) or some
other inert gas (helium, argon, krypton), scintillation occurs, the brightness
of which is proportional to the ionization losses of the charged particles.

The different characteristics of this process have been thoroughly studied [1].
After an ionized particle has passed through a gas, a track of positive ions
and free electrons remains, the lifetime of which is approximately several
milliseconds in pure inert gases. If a post electrical field is created in a
given volume of gas after a particle has passed through, the electrons of
primary ionization will generate avalanches, the path of which will not bend
on the spot where the particles pass through.

Therefore, one should expect some proportionality between the value of
primary ionization and the flash of light generated in the avalanche by the
effect of the electrical field.

Figure 1 depicts a block-diagram of the device. The housing of the gas
scintillation counter is made of a polyfluoroethylene resin tube 100 mm in
diameter, having two metal flanges which form a plane condenser. An a-source
of Po210 (E, = 5.15 MeV) is attached to the upper electrode. The lower elec-

trode has a window 100 mm in diameter, covered by a metal grid with a spacing
of 5 mm. The distance between the electrodes is 50 mm. The field generated

in the space may be considered to be homogeneous at distances from the lower
electrode of the order of the grid spacing. Metal discs 200 mm in diameter are
mounted on the flanges to improve the homogeneity of the field within the

space of the counter. A glass through which the inside of the counter is
scanned by a photomultiplier is mounted under the grid. A layer of quarter-
phenyl 50 ug/cm2, which serves to shift the scintillation spectrum into the
area of sensitivity of the FEU photo cathode, is sprayed in a vacuum onto the
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inner surface of the glass and onto the upper electrode. Pulses from the
photomultiplier anode are fed through the cathode repeater into the discrimi-
nator and directly into the AI-100 multichannel amplitude analyzer, which con-
trols the external pulse. The output pulse of the discriminator-triggers the
high-voltage generator, the negative pulse of which is fed onto the upper
electrode of the gas counter.

o-particle
source

Figure 1. Block Diagram of the Device:

1, Gas counter; 2, Cathode repeater; 3,
Discriminator; 4, High-voltage pulse gene-
rator; 5, Delay of 0.5 usec; 6, AI-100
amplitude analyzer.

The parameters of the negative pulse are: T front = 10 nsec; exponential
decay of v = 1 usec; and amplitude = 2-16 kv. This output pulse is fed from
the discriminator with a 0.5 usec delay to control the AI-100 so that only
pulses generated by the electrical field are analyzed.

Operating measurements were accomplished by filling the counter with a
mixture of Xe (at a pressure of 350 mm of Hg) and He3 (at a pressure of 240 mm
of Hg) gases. The counter was exposed to thermal neutrons. Two typical
ionizations were observed: I--from a-particles with an energy of Eu = 5.15 MeV,
and II--from a n + Hed » H3 + p reaction, the products of which have a total
ionization of En = 0.76 MeV.

The primary scintillation pulses trigger the high-voltage generator. The
discriminator threshold is selected so that the photomultiplier noise pulses

are cut out.
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The obtained amplitude spectrum of secondary scintillations generated by
the electrical field are given in Figure 2. The amplitude of the high-voltage
pulse is 14 kv. Two peaks are visible on the spectrogram, the maximum values
of which are in the twelfth and eighty-second channels, respectively, which
corresponds to the ratio Ea:En = 5.15:0.76 = 6.78:1 (Fhe ratio 82:12 = 6.8:1).

This indicates the proportionality between the light flash generated in the
light avalanche and the ionization inside the gas counter,
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The dependence of the value of the secondary flash on the electric field
amplitude was studied in the same chamber field only with Xenon. The results
are presented in Figure 3. The amplitude of the secondary flash exceeds the
primary flash by approximately 50 times in pure xenon when E/p ~10 v/cmemm
of Hg.

The resolution of the given counter w may be presented in the form
o= 0 + o, where w, is determined by the fluctuation of the number of

photons at the same value of ionization losses, and W, is determined by the

inhomogeneity of light collection by the counter, by the inherent resolution of
the photomultiplier, and by the inherent width of the a-source line. Since
light output during secondary scintillation is K times greater, resolution of

@

2
’a 2
K +‘°c .

the counter is w::]//—

Figure 4 presents the dependence of counter resolution on high-voltage
pulse amplitude.
The use of secondary scintillation caused by the electric field makes it

possible to improve the energy resolution of the gas counter due to an increase
of light output.
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MODELING PROCESSES WITH GENERATION OF NEUTRAL PARTICLES
IN NON-HYDROGEN BUBBLE CHAMBERS

K. N. Mukhin and |I. A. SvetlolovoVv

ABSTRACT. This paper is devoted to selection of a method of
identifying particles and reactions in a propane bubble cham-
ber. Reaction processes with generation of two charged and
several neutral particles, the decays of which generate a
typical V-branch in the chamber are modeled by the Monte-
Carlo method. The configuration of the chamber, the compo-
sition and momentum spread of the initial beam, fermi neu-
cleon motion, and also experimental measurement errors are
considered. Moreover, '"pseudo-reaction' is anal zed kine-
matically, i.e., its physical parameters are determined, and
are then compared with true values obtained from modeling
this reaction, and the possibility of identifying it is thus
verified. Calculations were made for a 10-liter propane bub-

ble chamber exposed to a beam of positively charged particles
with a pulse of 2.25 GeV/c.

1. Introduction

When processing photographs obtained in hydrogen bubble chambers, if these
are good-quality photographs, and the initial moment spread of the beam par-
ticles is small, single-value results may be almost always obtained by using
kinematic analysis for events occurring in the chamber. However, if the cham-
ber is filled with some kind of heavy liquid, as for example, propane, freon,
or xencn, the presence of fermi motion of nucleons in the filled nuclei sig-
nificantly complicates kinematic analysis.

This paper is devoted to selecting a method of identifying particles and
their reactions in a propane bubble chamber. The Monte-Carlo method is used
to model the reaction processes with generation of two charged and several
neutral particles, the decays of which generate a typical V-branch in the
chamber. The configuration of the chamber, composition and momentum spread of
the initial beam, fermi motion of nucleons, and also experimental measurement
errors are taken into consideration. Moreover, 'pseudo reaction' is analyzed
kinematically, i.e., its physical parameters are determined, which are then
compared with true values obtained from modeling this reaction, and thus, the
possibility of identifying it is ascertained. Calculations were made for a
10-1liter propane bubble chamber, exposed to a beam of positively charged parti-
cles with a pulse of 2.25 GeV/c [1].

2. Modeling the Reactions
The beam of primary particles entering the chamber consists of protons,

m*-mesons and K+t-mesons. Initial pulse distribution measured experimentally
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was approximated by an expression similar to that used to select! the initial

pulse with an average value of P0 = 2.25 GeV/c, and a distribution half-width /§g

of AP, = 0.17 GeV/c. The selection procedure consists of the following:

0

1. The initial values of the coordinates of the entering particle (x
Yoo and zo) were selected according to the chamber configuration.

2. The type of primary particle is selected on the basis of the quanti-
tative ratio of beam composition. Knowing the effective interaction cross-
section of a given particle for a 2.25 GeV/c pulse, its path to interaction L
is determined.

3. If the interaction occurred in the chamber, the pulse of the primary
particle P0 is selected on the basis of initial moment distribution.

4. The question of which proton of the target (free or valent to the
nucleus) participates in the reaction is determined according to the chemical
formula of propane (C3H8)’

5. The total pulse of particles participating in the reaction P'0 for a
free proton is determined only by the pulse of the initial particle.

Errors obtained from kinematic analysis are caused by measurement errors
in the half-width of initial particle distribution. The total pulse varies in

absolute value and in direction when it interacts with a proton moving in a
nucleus. In order to determine P'0 in this case, we must assign the value of

the fermi-pulse of proton Pp and its direction in the space, i.e., the angle
6_ between the direction of the initjal particle pulse and that of the fermi-
pulse and an angle x between plane (x, y) and plane (P P ) (Figure 1). The
value of P_ is selected on the basis of the nucleon dlstrlbutlon of the pulses

for the degenerated fermi-gas [2]. Assuming that the angular distribution of
nucleons and the nucleus is isotropic, angles ep and xé are selected and the

total pulse of the interacting particles is thus found. The direction cosigns
of vector PO (cos a, cos B, and cos y) may be obtained by using the expres-

sions for them from [3].

6. The type of reaction is selected according to the characteristics of
two charged particles and the V-branch from decay of a neutral particle. A
whole series of three-body reactions, in which A, £% and 70 will be the neutral
particles, may be yielded by n*-mesons. A recharglng reaction of K*p » K0w+p
and a non-elastic scattering reaction of K* p~> kF 8“ are possible for K*-
mesons. A single three-body reaction of pp > ppw” takes place for protons.

1 Here and henceforth the word "to select' determines the lottery procedure by
the Monte-Carlo method.
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In addition to these three-body reactions, multiple body reactions are possible,

in which several neutral n0-mesons are generated along with the charged parti-

cles. These processes may imitate the processes of the type being studied if /90
only a single V-branch is observed for any reason. Therefore, the n-body re-

action is analyzed. A definite probability is attributed to each of these

reactions and thus one of them is selected.

7. Using the energy distribution of one
of the particles of a n-body reaction in the
center of mass system, calculated within the
limits of statistical theory [4], and also
assuming the isotopy of angular distribution,
the energy E1 and the escape angle of this

particle are selected. We accomplish the
transition to an n-l-body reaction with a new
total energy and a pulse of:

Figure 1.

- _E - P! =P
Bi1 = B; - Eys Py = Py - Py,

where E.1 = E0 + Et’ EO is the energy of the impinging particle, and Et is the

energy of the target proton. When this operation is repeated n times, an ac-
cumulation of the pulses and energies of all particles generated in the reac-
tion is obtained. Thus, a track pattern of the modeled event may be plotted
from these data.

N 8. The introduction of experimental
measurement errors into the modeled tracks

is based on the use of certain distributions
obtained experimentally for tracks actually
measured. The number of points N on a track
of suitable length was selected in a given
case by using the distribution of the number
of points for different track length. The
lengths of all (N - 1)-intervals of a track
were selected by lot from the experimental dis-
tribution of interval lengths between points
for tracks with small and large paths and the
values of coordinates (x, y, z) for all points
were calculated. The coordinates were further
"smeared" to the values of error (x Ax, * Ay,
* Az) obtained from experimental distributions
g ! 2 3 Glxwen? of error for each coordinate separately.

These distributions were plotted according to
multiple measurements of the coordinates of

a single fixed point of a track.

40

Figure 2.

9. Pseudo-tracks with introduced errors were further processed by the
standard method worked out for real events, which leads to the following. A
track in plane (x, y) is approximated by a Probala and its direction cosigns
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and value o2, characterizing the degree of measurement accuracy and represen-
ting the mean square deviation of the track points from the approximated Pro-
bala, are determined. Figure 2 depicts the o2 distribution for measurement
errors (curve 2) obtained by the method described above. The 62 distribution
for tracks actually measured (curve 1) is significantly wider. The non-
conformity of these distributions may be explained by the inaccuracy of es-
timating errors of spread for measurements of the coordinates of a fixed track
point, because this method does not take into consideration multiple particle
scattering. Conformity of calculated and experimental distribution may be
achieved by variation of error distributions toward the side of their increase.
Curve 3 represents an analogous distribution, but with errors twice as large
as in curve 2.

Thus, the method described makes it possible to develop pseudo-events
which conform to familiar reactions with known kinematic characteristics, in
which true measurement accuracy is correctly considered. Knowing the reaction
parameters described by pseudo-events, we can estimate the degree of relia-
bility of the method considered below for solving the reverse problem--
identification of reactions by the method of kinematic analysis of events.

3. Method of ldentification and Conclusions

The pseudo-events obtained by the method described above are reactions
with two charged and one or several neutral particles, of which one is
"visible". Our problem is to select from all these reactions such three-
body reactions in which a kK0-meson or A-hyperon is the neutral particle re-
actions. All remaining reactions will be the background. These are reactions
with more than three particles--three-body reactions--in which the V-branch is
an electron-positron pair of a converted y-quantum, and also three-body re-
actions in which the A-hyperon has been erroneously identified as a K%-meson,
and vice versa. It is easy to eliminate the background determined by the
vy-quanta, if we examine the aperture angle of the V-branch. In fact, we
know that the aperture angle of the electron-positron branch is subject to
the condition 8 ~ mc?/E, where E is the y-quantum energy, and m is the mass
of the electron. Thus, the aperture angle distribution in the case of vy-
quanta conversion is concentrated within a narrow range of small angles.
Figure 3 (curve 3) shows such a distribution obtained experimentally by
measuring real electron-positron pairs. Curves 1 and 2 represent similar dis-
tributions for A-hyperons and K%-mesons, respectively, obtained from the
pseudo-events developed. It is obvious that if we limit ourselves to a V-
branch aperture angle of ¢ > 10°, almost all the y-background is eliminated,
and the mixture of A-hyperons and KO-mesons is infinitesimal in the range of
¢ < 10%. Random selection of y-quantum conversion was not done for these
reasons.

Let us now determine the criterion for separating A- and K%-particles
and selection of three-body reactions from the non-three-body background. Let
us assume that the reaction being studied is a three-body reaction, and let
us expand the total reaction pulse P'0 by components to the coordinate axis,

The direction cosigns of the initial particle and of the three particles--
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the products of the reaction--are known; therefore the pulses P P2 and P3 of

1’
these particles are determined from the set of three linear equations obtained.
The pulse P'3 of the neutral particle may be obtained independently, using

angles ¢, and LD which comprise the decay particles in the flight direction of
the neutral particle, and it may be compared with pulse P'3, obtained previously

from the solution of the set of equations. The formulas for determining P'

3
are given in [5]:
M/P:- __(sindy-sin 4’2)1/’
oS (U da)
where
1—a* fe Aot :
cot 4’1 = .__—?——COt @, — ——2———C0t Pas
1+ a* 4 e 1 —o* —e* .
cot gy = — ——cot P2 9 cot Y1
m? — m2
* i 2,
o” = M2 ’
=
my and m, are the masses of the particles generated, p is their pulse in the /93

system of rest of the decayed particle, and M is the mass of the decayed par-
ticle. Thus, by assigning to M the mass of the K°- and A-particles, we find
two values of P'3, respectively, for two types of decay. In oxrder to compare
pulses P3 and P'3, the relation
1/Py—1!P;
A Al
- 1/P3

is constructed and the two distributions of these values are constructed from
the total statistics of the pseudo-reactions obtained.

One of them conforms to the decay pattern of K0-mesons, and the other-- /94
to the decay pattern of A-hyperons (Figure 4, a and b, histograms I). The his-
tograms of II in Figure 4, and b refer to so-called true events, i.e., real
three-body reactions, in which the neutral particle corresponds to the decay
pattern being considered. We shall select the criterion of A, analyzing the
course of the relationship of the number of background events to the number of
true events Nb/Ntrfor several initial ranges of A. These graphs are presented

in Figure 5, a and b by curves I for K- and A-particles, respectively. The
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number of background events decreases significantly, if we discard those cases
in which A conforms to both decay patterns. This is obvious from Figure 5,
which depicts the ratios of Nb/Nt after rejection of the events where A cor-

responds according to the following criteria: II--AK® < 0.05, and AA < 0.15;
III--2k% < 0.1, and A, <0.15; IV--aK0 < 0.15, and A, < 0.15.
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It is not necessary to assign a large value to the absolute value of the
background, because it is very complicated to calculate the entire background
which may exist in real events. We are interested in understanding the path
of background curves in reactions with K- and A-particles, and also in de-
termining how the relationship of the background to the effect changes when ex-
perimental opportunities are improved. Figures 6, a and b present the
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distributions of A for background reactions for the decay patterns of K0 and
A, respectively. The curves of I represent non-selection of events according
to A criterion, and II--selection according to the criterion A 0 < 0.15, and

A, < 0.15. K
M b
N
¥
\
N\
) J SN
”’ N\
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Figure 6.

Thus, if the criteria of II are selected as those of A, we can separate
~25% K0-mesons and ~85% A-hyperons from the available experimental material.
The relationship of background to effect in this case comprises 22% for KO-
mesons and 52% for A-hyperons.

Decreasing the spread of initial pulses, and also improving the quality
of photographs, and hence measurement accuracy, results in improvement of
identification. This is obvious from the table where NKO and NA are the per-
centages of KO- and A-particles selected from the total statistics. DKO and

DA is the authenticity of K0 and A selected, and percentages.

Table
Criterion Nio Do Na Dy
1 25 78 85 48
2 49 83 70 65
3 50 8i 75 68
4 30 92 72 70

The following criteria are considered in the table presented:
1. The half-width of initial momentum spread APO = 0.17 GeV/c, AKO < 0.05,
and AA < 0.15.

2. AP 0.05 GeV/c, A

n

0 < 0.05, and A, < 0.15.

0 K

0
3. AP0 0.05 GeV/c, AK

are two times less than in cases 1 and 2.

< 010, and AA < 0.15; but the measurement errors
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4., The proposals are the same as in case 3, only AKO < 0.025, and 8, <
< 0.15.

Thus, kinematic analysis of events obtained from photographs in chambers
with a heavy-liquid filler makes it possible to identify neutral particles
even when there is no magnetic field. When there is a magnetic field, addi-
tional independent information appears, consideration of which makes it pos-
sible to increase identification reliability jointly with the analysis conduc-
ted.

In conclusion the authors express their thanks to R. S. Shlypnikov and
S. P. Kruchinin for discussion of the results, and also S. A, Chuyeva, A. S.
Ormantseva and M. M. Sulkovskaya for their help in preparing the paper.
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GENERATION OF HIGH-ENERGY MUONS DURING INTERACTION OF
COSMIC RAY NUCLEI WITH NUCLE! OF AIR

Yu. D. Kotov

ABSTRACT. This paper investigates the pattern of muon gene-
ration during the decay of pions which occurs as a result of
the interaction of cosmic ray nuclei with those of air. The
paper considers the interaction of high-energy protons with
nuclei of air during which pions are generated due to the
decay of an lisobar occurring during the interaction.

This paper investigates a muon generation pattern during decay of pions
occurring as a result of the interaction of cosmic ray nuclei with nuclei of
air.

Pions are generated during interaction of high-energy protons with nuclei
of air principally by two processes [1, 2]--first, a pion which carries away
a significant fraction (~ 25%) of the energy of the primary nucleon is pro-
duced from the decay of an isobar occurring during the interaction; secondly,
during multiple pion production (in particularly, decay of fire-balls). The
spectrum is determined mainly by the pions occurring during isobar decay be-
cause of the decreasing energy spectrum.

The mechanism of pion generation as a result of the interaction of a high-
energy nucleus (> 100 GeV) with a nucleus of air has been barely studied up
to the present; however, there are indications [3] that the interaction of
heavy nuclei with photoemulsion nuclei may be considered as the sum of inde-
pendent nucleon-nucleon interactions. We shall further assume that the inter-
action of an impinging nucleus with a nucleus of air generates 0.8 A isobars,
where A is the atomic weight of the impinging nucleus, and the pion of isobar
decay carries away 25% of the energy arriving at the nucleon of the impinging
nucleus. We shall consider that charged pions comprise 2/3 of all pions.

Let us find the number of n_ pions having an energy from E1T to E + dETr

generated as a result of isobar decay of the first process of nuclei inter-
action. According to [4], let us assume that the energy spectra of different
charged groups are similar and let us write them in the form

[4(e)de = Pjae=(vihde
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where IA(e)da is the number of nuclei with an atomic weight A and an energy

arriving at a single nucleon in the range from € to € + de. Then

e (Ex) = Bo? mE; V* VdE. 2Py (1

where o is the amount of energy carried away by the fast pion; m is the proba-
bility of the generation of an isobar carried to a single nucleon of the im- /98
pinging nucleus; and B is the fraction of charged pions among all those gene- T
rated as a result of isobar decay.

When charged pions pass through the atmosphere, they may decay or inter-
act with nuclei of air. Let us write the probability W(Eu’ k) of muon gene-
ration having an energy of Ep due to pion decay on the assumption that the path

of pion interaction is equal to the path of nucleon interaction:

W (Eu k) _ fokux e_(k_z)yundy j‘:"e_z z““*'“’dz, 2)
0 Yy

where u. = ZMﬂ/EﬂTﬂC (Ew is the energy of the decaying pion; MTT is the mass of
the pion; 7 = 8000 m; T is the lifetime of the pion; k is the ratio of the

path of nucleon interaction to that of the interaction of a nucleus in air; and
X is the depth of observation in the atmosphere measured in units of the path

of nucleon interaction. At sea level x0>> 1 and therefore (2) may be written
in the form

o

\V(Ep,k)==kuﬁgy%‘é'“””ydyye—zz”mf*”dz==
_ ) )

= ki, qun eV (— e, y) dy =
) (3)
U, o k-1
u,—._i_lel(l’l’u" -* 2, k )’

where P(-uﬂ, y) is an incomplete I'-function; and 2F1(1’ 1, u, + 2, k - 1/kX)

is a hypergeometric function.

Using (1) and (3) and assuming that E1T = 1.3@;, we obtain the differential

energy spectrum of muons generated by the interaction of cosmic ray nuclei with
nuclei of air:

(a/1,3)" gmE; WHDIE,

N(E,)aB, = L
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The relationship between P, for different charged groups is taken from [4] with

A

y = 1.7 and the value of PA is taken from [5], the results of which are pre-

sented in Figure 1. The values of k obtained in this manner are presented in
Table 1.

Table 1

l -2 -1 =1
Groupl % x WA,cm /sec /sterad = x an,
x GeV/nucleon)

a 4 | 1,67 1,05.10—1 4,2.10—1
L 10 { 2,38 2,40.-10—3 2,4.10—2
M 14 | 2,65 6,40.10—3 9,0.10—2
H 31 3,82 2,13-10—3 6,6-10—2
2
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Figure 1. The Integral Spectrum Figure 2. The Differential Spectrum of
of Primary Protons and Nuclei [5]. Muons Created by Primary Nuclei (1),
and the Spectrum of Muons Created by
Both Nuclei and Protons (2):
x is the spectrum obtained experimen-
tally [6].
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Table 1 also shows values of k, during calculation of which for the
cross-section of the interaction of the nucleus with air we used the formula

o=n (R, + Ry,— 1,7-107)% cm?,

—13A1/3

where R. and R, are the radii of colliding nuclei equal to R = 1.45-10 /99

1 2
cm. ‘We assumed y in the calculations to be egual to 1.7 for all groups of
nuclei over the entire energy range. We obtained an analytical expression

2F1 as functions of k for different values of Eu. These expressions are given

in Table 2. The calculated differential spectrum of muons generated by inter-
action of cosmic ray nuclei are also given in Figure 2. This figure also de-
picts the spectrum of muons generated by the interaction of primary protons
with nuclei of air. The spectrum of protons was taken from [5] for the calcu-
lations, and the values of the interaction constant are the same as for the
nuclei,

Table 2

k—1 k
U0 2F1<1,1,2,-—)—>k——‘1nk

X | | ————arctan k—l]
[ V' R_1 4

1 el g g By 2k, nk
= U )"k_l k—1

o)
= (1105 =G
[(k—l)2

x ——2——(k-1)+lnk]

Comparing the calculated spectrum with that obtained experimentally, we /100
should point out that only the first process of interaction was considered. T
When further processes are investigated, we must consider both the coefficient
of inelasticity during nucleus-nucleus interaction and the probabilities of
fragmentation. Analysis indicate that calculation of subsequent processes
leads to an increase of calculated intensity by approximately 30%.

Analysis of the data obtained indicates that high-energy muons (> 100 GeV)
are generated mainly due to decay of pions produced during interactions of
primary cosmic ray nuclei with nuclei of air. However, a discrepancy between
the anticipated muon spectrum and that observed experimentally [6] occurs in
the case of the interaction constants selected and the energy spectrum of
primary radiation used.

In conclusion, the author expresses sincere thanks to N. L. Grigorov for
constant interest and valuable discussions.
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COSMIC y-RADIATION

A. M. Gal'per and B. |. Luchkov

ABSTRACT. This paper is concerned with the measurement of
cosmic X-ray and y-ray photon fluxes originating in our own
galaxy and in the metagalaxy. The paper describes experiments
carried out on balloons and satellites and also the equipment
used to conduct the experiments. A survey is presented which
summarizes the results of recent experiments and discusses

the methodology and techniques of the experiments.

1. Introduction

Two new trends--X-ray and y-astronomy are developing rapidly at present /101
along with optical and radio astronomy. The first:reports have been received T
on X-ray and y-photon fluxes in the universe. Local sources of X-rays have
been discovered and a number of experiments have been conducted in the search
for discrete sources of y-photons. These experiments were possible as a re-
sult of the rapid development in recent years of the technique of raising
scientific equipment (balloons, rockets, satellites) to high altitudes, be-
cause it has not been possible to conduct similar experiments near the surface
of the earth because of absorption of strong electromagnetic radiation by the
earth's atmosphere.

Measurement of cosmic X-ray and y-photon fluxes will contribute to solu-
tion of many important problems of modern astrophysics, i.e., for example,
the origin and propagation of cosmic rays in our galaxy and in the Metagalaxy,
the presence or absence of anti-matter in the universe, the density distribu-
tion of matter in the galaxy, the origin of cosmic radio, X-ray, and y-radia-
tion and many others. It is not excluded that observation of X-ray and vy-
radiation of the universe may lead to discovery of completely new aspects of
the earth, and to new opinions of the universe.

Special theoretical papers and surveys [1-11] are devoted to problems of

X-ray and y-astronomy. Part of them contain a survey of experimental results
obtained in X-ray astronomy [6, 9, 11], and others discuss the first results
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of measuring cosmic y-photon fluxes [6, 7, 8]. Many experimental papers, in
which interesting results have been obtained, have since been completed on
measurement of cosmic y-photons. The experimental technique has been improved
substantially. This survey summarizes the results of recent experiments and
discusses the methodology and techniques of the experiments. The survey is
concerned with measurement of cosmic y-photon fluxes with an energy of

EY = 50-1000 MeV. Reports of low-energy cosmic y-photons (0.1-10 MeV) are

contained in [6], and the results of measuring ultrahigh-energy y-photons

(1011—1012 ev) can be found in [12-14].

2. Fundamental Processes of Cosmic y-Photon Generation

y~Photons in cosmic space are generated as a result of the interaction of
charged particles of cosmic rays with interstellar matter and photons. The
fundamental processes which cause generation of y-photons are: production and
decay of ml-mesons in nuclear collisions, braking radiation of relativistic
electrons, scattering of light photons in relativistic electrons, the reverse
Compton effect and radiation of electrons in a magnetic field ("'synchrotron
radiation') "Pion', braking, Compton and "synchrotron" y-photons are distin-
guished by the process of generation.

a)} Pion y-Photons

Pion y-photons are generated during decay of neutral w-mesons (% -+ 2vy),
which are produced during n-elastic collisions of the protons and nuclei, com-
prising cosmic rays, with interstellar gas. The pion y-photon flux and also
the cross-section of w¥-meson generation (according to the data of research on
accelerators) may be calculated, if the composition, intensity and energy
spectrum of the proton-nuclear component of cosmic rays is known. The energy
of y-photons generated during decay of n%-meson is equal to ~ 70 MeV in the

TR 1378
n9-meson rest system and Z@%ﬁi%iﬁug Ey<gzg¥;éﬁil in the laboratory system,
where B8 is the velocity of the n0-meson.

b) Braking y-Photons

The relativistic electrons of cosmic rays passing through the interstellar
medium create braking electromagnetic radiation with a discontinuous spectrum,
the greater energy (shortwave) part of which is y-photons. The presence of
electrons in cosmic rays was confirmed by a number of experimental papers of
recent years (see, for example, [17, 18]), in which the electron component of
primary cosmic radiation near the earth was measured. High-energy electron
fluxes also exist in many cosmic objects of galactic and metagalactic
nature (the Crab Nebula in the constellation Taurus, the radio galaxy Cygnus-
A, Cassiopeia-A and others), which has been discovered by the powerful radio-
emission of these objects [15, 16, 17].
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¢) Compton y-Photons

y-Photons also occur in cosmic space during scattering of light photons in
relativistic electrons. In this process, called the reverse Compton-effect,
the electron transmits part of its energy to the photon. The intensity of the
Compton y-photon flux depends on the flux of relativistic electrons and on the
density of radiant energy, which in cosmic space consists of light and heat
photons emitted by stars, and of photons of the isotropic thermal radiation of
the universe (Relic radiation [19]).

d) Synchrotron y-Photons

Synchrotron (magnetic braking) radiation is emitted by high-energy elec-
trons when they move in a magnetic field. Synchrotron radiation occurs in
cosmic objects, in which there are large relativistic electron fluxes and mag—
netic fields exceeding the value of the mean galactic magnetic field (10~°-

107% oersteds). The greater part of non-thermal radiocemission [15] and radia-
tion of the brighter radio sources in our sky is explained by the synchrotron
mechanism. The short-wave ''tail' of synchrotron radiation, having a discon-
tinuous energy spectrum like ordinary braking radiation, falls within the
energy range of y-photons.

3. Galactic and Metagalactic y-Radiation

The y-photons observed near the earth may be of galactic or metagalactic
origin. Their intensity is determined by the intensity of cosmic rays and by
the density of the matter in our galaxy and in the entire universe (the meta-
galaxy).

The flux of y-photons arriving at the earth in a certain direction depends
on the amount of matter distributed along the path of the flux. Because matter
in the galaxy is distributed anisotropically relative to the earth, there
should exist anisotropy of the flux of galactic y-photons--the maximum flux is
observed in a direction toward the center of the galaxy; a flux will be much
smaller in value if it arrives from a direction opposite the center of the
galaxy (the anti-center); the minimum flux of y-photons will arrive along the
path of the galactic poles (Figure 1). Table 1 presents calculated values
taken from [6] of y-photon fluxes with energies of E > 50 MeV and E > 1000

MeV, which arrive at the earth from three separate dlrectlons in the galaxy
(from the center, from the anti-center and from the pole). Values of y-
photons generated during different processes (pion, braking and Compton y-
photons) and also total fluxes are given separately. It was assumed when cal-
culating the fluxes given in Table 1 that the intensity of cosmic rays is uni-
form everywhere in the galaxy and is equal to the intensity in the environs of
the earth. As follows from Table 1, the anisotropy of the galactic flux is
quite high and varies with the energy of y-photons. The ratios of total fluxes
arriving from the center, from the anti-center and from the pole of the galaxy

T - . = 24:5:1- > . . . = Q7
are equal Ic.Iac.IPole 24:5:1; for EY 50 MeV; and Ic'Iac'Ipole 9:2:1 for

EY >1000 MeV.
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Figure 1. Location of the Solar System in the
Galaxy. (All distances are measured in light years.)

Table 1
Intensity of y-Radiation | (E i_EY), cm_zigec'l/sterad‘l

Galactic Radiation 1
Generation |E , — - — . Metagalactic
Process MYV . g w Radiation
e Q 1 m C
P! o— [} L O
[ + — D -
[} j o O > ¥
8] [} o (0] 8
43 U )] 0 -
= L 0 £ L o=
4+ LI = +~ O
< o QC) + c >~
| — -V << o o
Pion y-photons 50 3-10—¢ | 6-10—3 | 3-10—6 | 8.10—¢ 5.10-45(:'_
Braking y-photons 1.10—4 | 2.10=5 | 1.10—% | 3.10—¢ 1,6-10—1E,
Compton y-photons [,3-10—8 3.10—¢ | 1,3.10—51,3-10—5 9-10—2¢,
_ R
Total flux 50 |4,1-10—4/8,3-10—51,7.10—3 2,4.10—5,
Pion y-photons 1000 | 2-10—5 | 4.10—6 | 2.10—7 | 5.10—7 3-10—“§C
Braking y-photons 5-10=¢ | 1.10~° | 5.10—¢1,3-10—" 8-10=0¢,
Compton y-photons 3-10—¢ | 6.10—7 | 3.10—6 | 3-10—° 2:10—2¢. o
Total flux 1000 | 2,8-10—%| 5,6.10—¢| 3,2.10~¢ 3,6-10—6}




The anticipated y-photon fluxes produced beyond our galaxy are given in
the last column of Table 1. Calculation of these fluxes is more difficult than
that of galactic fluxes because of the uncertainty with which the density of
matter and the intensity of cosmic radiation in the metagalaxy are presently
known. Therefore, unknown parameters characterizing the ratio of cosmic radia-
tion intensity (Ecr) and electrons (ge) in the metagalaxy and galaxy are in-

troduced into the expression for the flux. It is obvious that the flux of meta-
galactic y-photons is isotropic.

The total flux of cosmic y-photons produced within the galaxy will be
measured during the experimental study. The galactic and metagalactic fluxes
may be determined separately and the parameters of gcr and Ee, particularly, /106

may be calculated by separating its isotropic and anisotropic parts. The
study of cosmic y-photons may nevertheless yield information about cosmic rays
and electrons in the metagalaxy, and also much valuable information for astro-
physics about the density of the matter and the intensity of cosmic radiation
in different parts of the galaxy.
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Figure 2. The lIntegral Energy

f G i -Phot . .
Spectrum of Galactic y-Photons Figure 3. Integral Energy Spectrum

of Metagalactic y-Photons.

Figures 2 and 3 present the energy spectra of galactic and metagalactic
y-photons generated during decay of m”-mesons, during the processes of braking
radiation and Compton scattering of relativistic electrons [8]. (The fluxes of
metagalactic y-photons were calculated on the assumption that ECr = 1 and Ee =

= 1, and the density of intergalactic gas is equal to 10-5 g/cms.) It is ob-
vious from the energy spectra given that the contributions of individual pro-
cesses of y-radiation generation to the total flux differ at different ener-
gies. Consequently, by making a study of cosmic y-photons at different ener-
gies, we may in principle separate it into fluxes of pion, braking and Compton
y-photons, which permits us to rather refine our knowledge of cosmic rays in
the galaxy and the metagalaxy.
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L, Discrete Sources of Cosmic y-Rays

Fluxes of individual cosmic objects, similar to fluxes of local sources of
radioemission [15 16] and X-radiation [6, 9, 11] should exist in addition to
the common fluxes of galactic and metagalactic y-radiation. The cosmic objects
which are brighter at the radio wave length are being studied as possible dis-
crete sources of y-photons--the Crab Nebula, which is in our galaxy and which
is the envelope of a Super Nova, the flare-up of which was recorded in 1054;
the normal galaxy M3l which is located in the constellation Andromeda; and
the radio galaxies M87 (Virgo-A) and Signeus-A. Table 2 [6] shows the anti-
cipated fluxes of y-photons with an energy of EY > 1000 MeV, emitted by these

discrete sources and calculated on the assumption that their radioemission has
a synchrotron character. The values of y-photon fluxes with an energy of

EY 5 50 MeV from the same sources is approximately one order greater.

Table 2
Integral Flux of y-Photons from Discrete Sources
FY(EY > 1000 MeV) in cm™2/sec"!

Source Process Total
Braking}Compton| Flux
ﬂ0+2Y radia- |effect
T e A - I )
Crab Nebula 2.10—1| g.j9—1 | 2.10—10 |4,5.10—10
(Taurus=A) ' ‘
Galaxy M31 (Con-|g.10—1 92.10—1 | 1.10—8 |1.10—¢
stellation
Andromeda)
Radjo galaxy M87 | 1.i0-u 3.10—-12{1.10—0 1.10—9
(Virgo-A) :
Radio galaxy 12.10—1%  5.10—13 | }.{0—9 1.10—
Sigheus-A |

We could continue the list of possible discrete sources, including in it
other intensive sources of radioemissions--the radio galaxies Centaur-A,
Fornus-A, Perseus-A, Hercules-A and others, quasistellar radio sources (quasars)
3C-273B, 3C-48, 3C-147 and others [20] and recently discovered local sources
of X-rays in the constellations of Scorpion, Signeus, Virgo and others [9, 11].

In particular, if the radioemission of quasars is synchrotronic, we may expect /107

from them (i.e., from 3C-273B) rather large fluxes of Y-photon——Fq (EY > MeV) =

= 107*107% cm Ysec1.

It should be noted that the intensities of expected y-photon fluxes given
in Tables 1 and 2 are not accurate because of many ambiguities and assumptions
made while calculating them. Calculations of similar fluxes by other authors
[4, 5, 7, 8, 16, 17] lead to somewhat different results. There are especially
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ljarge discrepancies, sometimes by several orders, in calculations of y-photon
tiuxes from discrete sources. Further refinement of the values of expected
fiuxes will be accomplished as new experimental data on cosmic radio, X- and
y-radiation are obtained.

5. Attenuation of Cosmic y-Photon Flux

The basic process of absorption for y-photons with an energy of EY ~ 50-

1000 MeV is the process of pair formation and to a lesser extent Compton scat-
tering in atomic electrons. Attenuation of the y-flux along a path h is cal-
culated by the formula

L — e—ph
oo €}

where I, and I are the intensities of initial and final fluxes, and u is the

0
coefficient of absorption.

Cosmic y-photons pass through the interstellar medium, which is a very
rarified gas (basically hydrogen), and the earth's atmosphere. Attenuation of
the y-photon flux at these two junctures of the path are very different.

a) Transit of y-Photons Through the Interstellar Medium

Despite the great distances traveled by cosmic photons from their place of
origin to the earth, they encounter comparatively little matter. The average

amount of matter along their entire path in the galaxy is Lg = 1.6+1073 g/cm?,
it is equal to IEgR: 6 x 1072 g/cm? through the center of the galaxy, and it is

equal to L~ 0.1 g/cm? on the path through the entire metagalaxy [6]. The ex-

M
ponential index in (1) calculated for these values of L are respectively equal
to: uLg ~2:1075; uch== 7.2+107%; and uLM ~ 1.2+10-3, The corresponding at-

tenuations of y-photon fluxes will be 21073, 7.2+10"2 and 0.12%, from which it
follows that practically the entire visible universe is transparent for vy-
photons. In this regard y-photons are similar to radioemissions and visible
light, but differ from ultraviolet radiation in the range of 10-1000 ev, which
is absorbed strongly by interstellar gas (Figure 4 [21]).

b) Transit of y-Photons through the Earths Atmosphere

Another situation arises when y-photons enter the earths atmosphere.
Figure 5 [21] presents a graph of the absorption of electromagnetic radiation
reaching the earth from an external source. As can be seen from the graph,
the atmosphere is relatively transparent only for certain types of radiation--
for radiowaves of metric and centimetric wavelengths,. visible light and a number
of waves in the infrared region. The atmosphere is completely opaque for hard
photons. Even at an altitude of ~ 20 km above sealevel the cosmic y-photon flux
is attenuated by a factor of two.
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6. Secondary (Atmospheric) Flux of y-
Photon energy, ev Photons
o W
! ;45;/i2j)//<Cther A secondary flux of y-photons is
Z /’A7Q7jéf—§51axy' generated in the earths atmosphere by
0" Lo : the charged component of cosmic rays,
: R & which makes it very difficult to measure
i Crab Nebule the primary cosmic flux. The intensity
of the flux of secondary y-photons ac-
cording to the data of [24] is equal to
(1.7 £ 0.1)+10-3 cm™2/s"!/sterad™!
(g/cm?)"!. This means that the secondary
flux and the upper layers of the atmos-
phere at a depth of several g/cm? ex-
ceeds by many times the primary flux of

!
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Figure 4. Absorption of Electro=  t, 1aunch instruments to high altitudes,

magnetic Radiation in Cosmic Space {4 the edges of the atmosphere.
Depending on Photon Energy.
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Figure 5. Absorption of Electromagnetic
Radiation in the Earths Atmosphere. The
solid lines with the numbers 1/2, 1/10
and 1/100 indicate the levels of decrease
of radiation intensity by 2, 10 and 100
times.

Besides the flux of the secondary y-photons directed downward from above,
there is a reverse (albedo) flux of y-photons of secondary origin which cannot
always be correctly calculated in experiments carried out at the edge of the
atmosphere and even beyond it. For example, in the first experiments on
measurement of cosmic y-photon intensity [22-24], it was attempted to isolate
the primary flux by making measurements at different altitudes and extrapolating
the experimental data to the edge of the atmosphere. As indicated by the
analysis carried out in [26], such extrapolation was invalid, because it did not

101

/109



take into consideration albedo y-photons traveling from the line of the hori-
zon and reaching the apparatus at high angles to its vertical axis. The flux
of primary y-photons of ~2:10"3 cm-2/sec-1l/gterad” 1; measured in [24] was over-
estimated for this same reason. Kraushaar and Clark measured the albedo flux
during the flight of the artificial satellite Explorer-XI [25, 26]. Figure 6
presents the angular distribution of y-photons, mainly of secondary origin,
recorded during this experiment. The maximum distribution at an angle of

8 = 63° corresponds to the flux of albedo y-photons from the line of the
horizon. Following [26], the albedo flux at any altitude may be presented as
the sums of two fluxes--that originating from the disc of the earth Id and

(&)
from the line of the horizon Fhor' The change of Fhor with the altitude of /110
observation may be represented by the following dependence:
i
F =c——— (2)

hor  -cos@

where t is the distance from the point of observation to the center of the
earth, and ¢ is the angle between the direction to the horizon and that normal
to the earth. These fluxes %t an altitude of ~800Q km 2are e%ual to: Id o =
=3.2.107° cm-z/sec_l/sterad- ; and Fror © 2.1°10°° em “/sec )

The integral energy spectrum of
secondary y-photons with an energy of
E} EY > 50 MeV, in particular, was measured

q

=

<
[

in the

in an experiment conducted by N. L.
<:j:> Grigorov et al [27] on artificial sate-
llites "Proton-1" and "Proton-2'". The
spectrum has a step form with an index
i) of a = 1.6. This result agrees with
the assumption that secondary Y -photons
%‘ occur mainly during decay of n’-mesons

o
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S S iﬁﬁ . 7. Devices for Recording of Cosmic
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y-Photons with energies of 50-1000
MeV are recorded in electron-positron
pairs which they produce in a block of
matter--the converter--y >~ et + e-,
A device measuring y-photon flux should
consist of a converter, a counter
telescope located beneath the converter, and an anti-coincidence counter lo- /111
cated above the converter which altogether separate the generation of charged —Qﬁ
particles in the converter by neutral radiation. An example of such a device
is the Kraushaar-Clark instrument [25, 26], a diagram of which is given in
Figure 7. The y-photon converter is a scintillation "sandwich'-counter

Figure 6. Angular Distribution of
y-Photons Produced in the Earths
Atmosphere [26].
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consisting of alternate layers of CsI and Nal crystals, the total thickness of
which is equal to a singie radiation length., Electron- p051tron pairs are re-
corded by the scintillater-sandwich S and Cerenkov counter C. The solid angle
separated by the counter telescope SC is equal to ~0.25 steradians. The
counter telescope is mounted inside a housing made of a plastic scintillater
and which acts as the anti-coincidence counter A. The recorded y-events are
coincidences of the type SCA. With each such event an amplitude analysis is
made of the pulse from the sandwich-counter, which made it possible to isolate
y-photon conversion events from those of neuclear interactions produced by
cosmic ray particles, i.e., by neutrons. The efficiency of y-photon conver-
sion measured during calibration of the instrument in beams of monoenergetic
y-photons in an accelerater were equal to 17% for EY > 300 MeV. The geometric

factor of the device is equal to 1 * 0.3 cm?/sterad.

In their experiment [27] N. L. Grigorov et al used a device similar to
the Kraushaar-Clark device, the only difference being that a total absorption
Cerenkov counter, with which the y-photon energy was measured, was used in it.
This made it possible to determine the energy spectrum of recorded y-photons
simultaneously with the flux.

The main deficiency of the

Anti-coinci- Kraushaar-Clark device is its_poor an-
S''Sandwich!' dence counter gular resolution--the viewing angle of
the counter telescope is 34°. Moreover,
the device records y-photons impinging
at large angles to the axis of the de-
Photo vice (right up to angle of 90°) with
multi- noticeable efficiency.
plier
Cerenkov The.naturgl element which would
counter substantially improve the angular re-
C solution of the device without decrea-

. sing the viewing angle and the geometric
Electro- [ {i factor would be a track detecter con-
nics as- trolling the counter telescope, with
sembly whose help the trajectory of every
High- electron-positron pair could be recorded
voltage and by which the direction of y-photon

arrival could be determined. The most
suitable track detector for high alti-
tude conditions is a spark chamber, be-
cause it is simple to manufacture, may
be made sufficiently light and compact,
does not require large amounts of elec-
tric power to operate and may be con-
trolled by the counter telescope. The angular resolution of a device with a
spark chamber is determined by the accuracy of measuring the angle of the par-
ticle track which is equal to 1-2° in typical multiple layered spark chambers,
and of the order of 10-3 radians [28] in chambers with large interelectrode
gaps, where the sparks are developed along the particle tracks. Spark chamber

power supply for the photo-
multiplier

Figure 7. Diagram of the Kraushaar-
Clark Experimental Device [25].
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devices have been used in all recent experiments of measurment of the cos-

mic y-photons [29-36].

RERRPES JA
__—‘l\ Upper chamber

| ~ILead converter

———~—t::::i§r\jLower chamber

Figure 8. Diagram of the
Cobb, Duthie and Stewart
Experimental Device [29,

30].

Figure 8 shows the diagram of a device
used in the experiment of Cobb, Duthie and
Stewart [29, 30, 35]. The device consists
of a lead converter 0.27 radiation lengths
thick, a counter telescope which switches on
a scintiljation counter B and Cerenkov
counter C, and an anticoincidence counter A
and two spark chambers. The electronic cir-
cuit separates events of the type Kﬁgiand
feeds a high-voltage pulse to the spark
chambers. The upper spark chamber mounted
above the converter is used for additional
control of the event caused by a neutral
particle, and therefore makes it possible

to decrease the requirement for the anti-
coincidence counter efficiency, which equaled 99.6% in the given experiment.
The electron-positron pair, by which the direction of the y-photon is measured
relative to the axis of the device, is recorded in the lower spark chamber.
Knowing the orientation of the device in space, the direction of y-photon
flight may be determined with an accuracy to several degrees. The overall
error in measuring y-photon direction consists of the error which occurs due
to multiple Coloumb scattering of the components of the pair in the converter,
inaccuracy in measuring the tracks in the spark chamber and inaccuracy in
orientation of the device.

The efficiency of y-photon conversion in the device was measured in a
calibration experiment in an accelerated period. Figure 9 shows the measured

dependence of the conversion coefficient n. on y-photon energy. It is n, = 17% /113

for y-photons with an energy of EY > 100 MeV.

The Cerenkov counter in the de-

]

U

©c o vice of Cobb et al [30] is a direc-
s~ 6 tional cut-off counter, which re-

'E éb@,z_ cords relativistic particles passing
0 O_~ through the radiator from top to
20w ¢ bottom. The radiation occurring in
852 1 L . : A the radiator from particles of the

g 200 400 600 800 &, MeV reverse flux are absorbed by the

Figure 9. Dependence of the Conversion darkened upper surface of the radia-

tor. Introduction of a directional
counter into the telescope made it
possible to eliminate imitations of
v-photon events by reverse fluxed
charged particles which passed through the telescope from top to bottom and
remained in the converter.

Coefficient of y-Photons in Lead on
Energy EY [30].
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After examination of the photographic films of spark chamber events, it
became clear than only 10% of ABé events agree with cases of y-photons entering
the device. The remaining events are various background phenomena. Thus, due
to its great clarity and reliability in interpretation of recorded events, the
spark chamber makes it possible to operate in background conditions by an order
exceeding the effect.

Spark chambers having different designs and modes of operation are used
in devices for recording cosmic y-ray photons. Of special interest is tne use
of spark chambers with automatic extraction of information--vidicon, sonic and
filament spark chambers [28]. Devices with such spark chambers may be instal-
led on non-returnable satellites, and all information is transmitted by tele-
metry to the ground station.

A vidicon spark chamber has been used in the Fazio device [32], designed
for installation in-~the observatory satellite OAO, and in the Helmken and
Fazio device [33] installed on a balloon. A schematic diagram of the latter
device is given in Figure 10. A, Bl’ and B are scintillation counters, C is
a total absorption Cerenkov counter with a rad1ator of heavy glass 10 radiation /114
lengths thick, and SC-1, SC-2 and SC-3 are spark chambers. AB.B,C events are
separated by an electronic circuit which feeds a high-voltage pulsed power
supply to the spark chambers. Spark chamber SC-1 with thin plates of an over-
all thickness of 1/3 the radiation length
acts as converter, and SC-2 and SC-3 are
used to observe pairs and to measure the
direction of the primary y-ray photon,

l. . Detector A

SC-1 The spark chamber images in two ortho-
Detector B gonal projections are fed to the photo-
SC-2 cathode of a liticon, tube using a mirror
Detector B, system, where all the information about
SC-3 each event recorded by the chambers is
converted into successive video signals
Cerenkov, detector and may be recorded, i.e., on magnetic
¢ tape. The coordinates of the sparks are
measured in the liticon spark chamber
with an accuracy to 1 mm, and the
Figure 10, Diagram of the Fazio- angles--with an accuracy to several de-
Helmken Device [33]. grees. A 512-channel Cerenkov counter

amplitude pulse analyzer is used to de-
termine y-photon energy. The accuracy of energy determination is 30-50% for
EY > 50 MeV. The geometric factor (luminous intensity) of the device is G =

= 126 cm?/sterad. A 7-watt radio transmitter, which transmits the data re-
ceived from the vidicon, the amplitude analyzer and the counting circuits to

a mobile ground station, is installed with the device. The transmitter output
makes it possible to ma1nta1n communications with the device to 500 km. Total
output required by the device is 73 watts.

The spark chamber used in the device of V. A. Bezus et al [36] (Figure 11)
recorded not only the electron-positron pair, but also the electron shower
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occurring in the lead plates of the chamber. The thickness of each lead plate
is 4 mm, and the total amount of material in the chamber is equal to 3 radia-
tion lengths. The upper space of a chamber 4 cm high is used to observe the
pair and to measure the angle of y-photon arrival. The sparks in the space
travel at particle trajectories up to angles of 30° in the direction of the
electrical field. Each of the next four spaces 2 cm high records the electron
shower by which the y-ray photon energy is determined. The accuracy of
measuring energy calculated from theoretical and experimental cascade curves
[37-40] is 70% for EY ~ 70 MeV and 25% for EY ~ 700 MeV. Verification of

spark chamber operation in electron beams with energies of 100-640 MeV obtained
in an accelerator indicated that it has an almost 100% efficiency of recording
showers. The geometric factor of this device designed tg register cosmic y-
ray photons with an energy of EY > MeV is equal to 45 cm“/sterad.

Scintillation
counter yray photon

Lead converter

t : =} Photo
Photo [~ photo; ‘ }ZP.hOFQ[ | multiplier '
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\ ; / Scintillation counter

\;‘.ﬁ:: =— Photo recorder

Figure 11. Block Diagram of the Device of
Bezus et al [36].

The experimental devices enumerated have been installed on satellites or
balloons. Specific operating conditions impose additional requirements on
them--the devices should be of small size and weight, consume little electric
power and be stable in the presence of vibration and impact loads.
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8. Measuring the Intensity of Total Cosmic y-Ray Photon Flux

A survey of the basic results of measuring cosmic y-ray photon flux is given

in Table 3, which cites simultaneously the authors and year of the experiment,
the object on which the device was installed, the altitude of object ascent,
expressed in the amount of atmosphere remaining, the geometric factor of the
device and the energy of y-ray photons recorded. The last column presents the
intensities of cosmic y-ray photon fluxes measured. Most of the experiments
were conducted on balloons which ascended to altitudes of 30-40 km. Even at
the point of highest ascent there remained above the apparatus 4-6 g/cm“ of
matter in which a significant number of secondary y-ray photons were generated,
so that measurement of the primary flux took place under conditions of an in-
tense background. For this reason it was not possible in most of the experi-
ments to measure the cosmic y-ray photon flux and only its upper limits, ex-
ceeding the anticipated value of cosmic y-ray photon flux by approximately 1
order, is given (See Table 1). In two experiments carried out on devices in-
stalled on artificial earth satellites [25, 27], it was also not possible to
separate the primary y-flux reliably from the background of albedo atmospheric
y-ray photons, but the value of the upper limit was reduced by almost an order
compared with the other experiments and was close to the calculated value.

Table 3

Survey of Experimental Data on Measurement of Cosmic
vy-Ray Photon Intensity

o ";G?O'mit: I, cm—l/se(': ]x
i- Iric fac- -
Authors Object ﬁl;é tOE G, EY’ x sterad !
g/cmé izdlste' MeV

tlfﬁe, 1961 [23] Balloon Tg’5+30w 1,7 E*;701 (1 4£3)-10—2
Kraushaar, Clark, et al {Satellite o | 140,3 | 40 | <(3,3%1,3)X

]962 [25’26] " - Xlo—d
D?;E;e Eaf”e"’ et al Balloon 42950 | ~8¢ ‘ >sol £9.10—8
Frye ang lmith, 1965 [34])Balloon : ;
Cobb, Duthie and Stewart |Balloon 3,6 -~ >30 <5.1073

1965 [29,30] ‘ 6.5 25,8 >100 <(1,>3<31d(:)2’3)><
GEgg?rov, et al, 1966 Satellite o . 250 | <(Bra) 107
Ogelman, Delvaille and [Bailoon 10 — >1000f <3-10~?
Greisen, 1965 [31] ’ o5 8 >50 |(1,540,8)-10—*
Duthie, Cobb and Stewart JBalloon 41 '

1966 [35]

[ ]
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The only experiment thus far to measure the final y-ray photon flux of
terrestrial origin is that of Duthie, Cobb and Stewart [35] carried out on the
device for which the schematic diagram was given in Figure 8. Final selection
of y-ray photon events and measurement of y-ray photon direction was carried
out by the electron-positron pair recorded in the spark chamber. A certain
excess of y-ray photons above the average recorded flux was discovered in the
section of the sky with coordinates of right ascension of o« = 20°15' and nor-
thern inclination of 8§ = 35°, which indicates their terrestrial origin. The /117
excessive flux was equal to (1.5 + 0.8)~10""% cm™2/s”1/sterad™! and were ob- T
viously not completely reliable in a statistical sense. Because the indicated
section in the constellation Signeus is located on the disc of the galaxy (the
Milky Way), it is not clear whether the flux measured is a part of the total
galactic flux or originates from a discrete source.

9. Measurement of y-Ray Photon Fluxes from Discrete Cosmic Sources

Discrete sources of y-ray photons should be observed on the background of
the overall galactic and metagalactic flux. Since the angular dimensions of
discrete sources are small (i.e. Signeus-A has a dimension of 1', and M87-10'),
and since the galactic flux is distributed more isotropically, those from dis-
crete sources may be separated by using devices with good angular resolution.
The required angular resolution of a device may be calculated by comparing
expected fluxes from discrete sources with the average intensity of the galac-
tic flux I (See Tables 1 and 2). It happens that the output from discrete
sources investigated in Table 2, and from the overall galactic flux are equal
at an angular resolution of the device of 0.5-2°. A similar angular resolu-
tion is within the capabilities of a spark chamber.

Attempts to record y-ray photon fluxes from certain cosmic objects con-
sidered to be possible discrete sources were undertaken in a number of papers
[25, 26, 29, 30, 35]. Due to insufficient angular resolution of the devices
and the intense background of secondary y-ray photons, the final flux from any
discrete source was not discovered. As a result of these experiments, only the
upper limits of y-ray photon fluxes were calculated from the objects investi-
gated. Maximum flux was calculated by the formula

N

_ v
ﬁhax’_ o) Adt (3)

where N is the number of y-ray photons recorded during the time the object was

within the field of view of the device; n is the conversion probability;‘fAdﬁ

o
is the effective area of the device during the exposure time; and F is the
instrument factor. The results of measuring Fmax for different cosmic objects

are given in Table 4. In addition to discrete sources, the table includes /118
separate regions of the galaxy (the center of the galaxy, the pole), which is T
of interest in order to measure the anisotropy of the overall galactic flux.

The average flux F from all sectors of the sky observed is presented for

comparison [26]. It is obvious from Table 4 that the maximum fluxes from
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discrete sources exceed the average value of F. However, the low statistical
accuracy of the experiment and possible systematic errors do not permit us to
make a definite conclusion that the measured flux is related to a discrete

source. Moreover, it should be noted that the measured fluxes Fmax exceed by

many times the anticipated fluxes calculated in [6].

Table &4

Survey of Results of Measuring Cosmic y-Ray Photon Fluxes From
Discrete Sources

=2, -1
F cm s
Object max’ /
E;>50, MeV| £.5100 MeV E,>30, MeV
[25, 26] | [20, 301 | [34)
ﬁa?siopedia-A 95.10— | — -
Signeus-A A _ 2,2-10—4
Crab Nebula 99.10—5 4,9-10—35 1,5-10—4
Large Magellanic cloud 18-10—5 — -
Small Magellanic cloud 19.10—2 - -
sun 12.10—% 5,3-10—3 -
Center of galaxy 16-10—3 — -
Northern galactic pole 6,3-1072 - _
Southern galactic pole 12-10 9 910~ _
Orion (M42) — 3.3-10—* —
Rosette — 1,2-10—4 —
IC-L43
Mean flux F 5,1-10—3 — | —
|
3C-147 _ _ 1,5.10—*
3C-196 1,5-10—4

Conclusion

Although the cosmic y-ray photon flux has not been reliably measured in
experiments conducted thus far, the results of experiments €ven now permit us
to make certain conclusions. Thus, the hypothesis of a fixed universe, ac-
cording to which the density of matter in an expanding universe remains con-
stant because of the self reduction of matter, has been refuted experimentally.
According to this hypothesis there should exist a flux of y-ray photons gene-
rated during proton-antiproton annihilation, which would exceed by 500 times
the maximum measured in the experiment of Kraushaar and Clark [10, 25, 26].
The maximum flux from the Crab Nebula measured in [30] was less than the ex-
pected flux calculated in certain theoretical papers [2], which forces us to
reexamine the assumptions made from calculation.
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Only five years have passed since the first experiment in y-astronomy.
Many experimental papers have been written, the number of which is constantly
growing. The search for cosmic y-ray photon fluxes is being conducted by many
groups using different equipment, and there is every reason to hope that new
important results will be obtained in the near future in y-astronomy.
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ABSORPTION OF w-MESONS BY COMPLEX NUCLEI

V. G. Kirillov-Ugryumov, F. M. Sergeyev and A. |. Fesenko

ABSTRACT. This paper surveys experiments on the study of
f-meson absorption by complex nuclei. Absorption of w-mesons
by 1ight emulsion nuclei of C, N and 0 and by heavy nuclei of
Ag and Br is investigated. This article describes experiments
conducted in an emulsion chamber consisting of 90 layers of a
10 x 10 cm BR-400 nuclear emulsion exposed to a beam of = -
mesons. The distribution of stars according to the number of
beams, the output and mass spectrum of secondary charged par-
ticles with an energy greater than 14 MeV in two-prong stars
and the kinematics of two-prong stars are described. The
authors conclude that there is a significant amount of mt-meson
capture by pairs of nucleons in low-energy states.

1. Introduction

The study of m-meson absorption by complex nuclei is of great interest to /121
determine the structure and properties of nuclei, and also the mechanism of T
certain nuclear reactions. w-Mesons have definite advantages as probing par-
ticles--they are bosons, their energy may be determined with high accuracy,
and it is easy to control the kinematics of the reactions (especially in the
case of slow 7~ -meson absorption). Finally, it is very important that m-mesons
have three charge states n-, 7m0, and nt. This makes it possible to obtain a
reaction with a double charge-exchange, i.e., reactions of the type

(Z,A) + 1 > (Z*2,A) +1 %
It becomes possible in this case to observe the change of the nucleus charge
by two units without a change of A. The existence of H® and H% nuclei was re-
1 1
cently discovered; therefore, a ng system (and certain other neutron systems)

may be more stable than was expected. The reaction of a double charge-exchange
of m-mesons in nuclei may be very useful in the study of such systems. Thus,
we may determine the energy of the bond of neutron complexes by the energies

of m-mesons, in the reactions

=~ + He} — ng + =+;
=~ 4 Hej - n§ + =+,
This problem has been studied in detail in the survey of Ericson [1].
In the papers in which 7 -meson absorption by nuclei has been studied, the
experimental data are analyzed on the traditional basis of the hypothesis of

two stages of a high-energy nuclear reaction proposed by Serber [2] and deve-
loped in the papers of Brucner, Serber and Watson [3-5]. Total m-meson energy
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in the first rapid stage is converted to the kinetic energy of a small group
of nucleons with subsequent development of an internuclear cascade. As a re-

sult (E > 30 MeV) particles escape from the nucleus. In the second, slow /122
stage the excited nucleus is converted to a basic state, emitting y-photons, T
nucleons, a-particles, etc., as a result of the evaporation process. However,

there is as yet no single opinion regarding the mechanism of w-meson absorp-

tion by nuclei in the first stage. The authors of most papers conclude that

n-meson absorption in at least 70% of the cases results from a pair of nuc-

leons, the probability of absorption by n-n- and p-p-pairs being 2 to 3 times

less than by a n-p-pair [6-11]. In the papers of Ozaki and Weinstein [12] and

P. I. Fedetov [13] the ratio R of the probabilities of w~ -meson absorption by

n-p- and p-p-pairs was calculated for carbon nuclei:

)\
nel . 2% =504+ 1,5
R Wop

These conclusions were made on the basis of the following experimental data.

1. Star distribution by the number of beams is characterized by an
average number of beams equal to two for m'-mesons and to one for m--mesonms.

2. Distribution according to the angle of diversions between particles in
two-prong stars has a peak for angles greater than 140°,

3. The curve of energy distribution falls as energy increases. The maxi-
mum value of the energy transferred to the secondary particle during capture of
slow m -mesons does not exceed 70 MeV. These results hardly change in the
energy range of w-mesons studied (< 300 MeV).

Different conclusions were made in a number of investigations regarding the
mechanism of w-meson absorption.

In the paper of Van Gan-Chan et al [14], the average number of beams in a
star equal to 2.6 in the case of 7' -meson absorption with an energy of 250-
270 MeV by carbon nuclei is explained by the following mechanism of a nuclear
reaction--total m-meson energy ( ~410 MeV) is distributed through all nucleons
and produces a sudden nuclear burst.

In the papers of A. G. Varfolomeyev [15-17], where slow 7w~ -meson absorption
by light nuclei of an emulsion of C, N and O were studied, the experimental
data are explained on the assumption that the n~-meson in 60% of the cases is
captured by a single nucleon, strongly interacting with the remaining nucleus.
The latter circumstance is necessary, because the total energy ( ~ 139 MeV)
during capture of a slow m -meson is distributed in the form of kinetic
energy. Concentration of all this energy in a single nucleon means that the
nucleon acquires a pulse P= 535 MeV/c. The mean pulse of a nucleon inside
the nucleus as a result of Fermi motion is equal to P~ 200 MeV/c. It is /123
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obvious that the law of preservation of the free nucleon pulse cannot be ful-
filled; therefore, the nucleon is not free to absorb the m-meson.

The ambiguity of the conclusions is the result that the methodology used
in each paper does not make it possible to obtain complete data to determine
the mechanism of m-meson absorption. Knowledge of the nature of the nucleus-
target, the charge, the mass and energy of the secondary particles is required
in order to do this.

In the experiments carried out using scintillation counters [18-20], the
intensity attenuation of the m-meson beam was measured and therefore it is
impossible to separate m-meson absorption from other inelastic processes.
Only high-energe particles were studied in Wilson cloud chambers [21-22], be-
cause a rather thick target of carbon absorbs low-energy particles. Severe
difficulties arise in separating capture events by light C, N and O and by
heavy Ag and Br nuclei when studying w-meson absorption by emulsion nuclei
[23-27].

A number of experiments [28-31] on the study of m-meson absorption by
nuclei were carried out using bubble chambers without a magnetic field. This
does not permit identification of secondary particles by their masses and
energy and angular characteristics of nuclear reactions are built up on the
assumption that the secondary particles are protons.

The first separation of reaction products by their masses was completed
in the experiment of Ammiraju and Lederman [32] during investigation of slow
m--meson absorption by nuclei of carbon, nitrogen and helium in a diffusion
chamber. Among the reaction products were registered protons, deuteroms,
tritons and o-particles. It turned out in this case that the following re-
actions are predominant:

= + C§*> = 20+ p + 3n;
" —{—N;4—+3a—}—2n;
=~ + He} - p43n.

On the basis of the data on the output of different particles, and the energy
spectra of protons and a-particles, the authors concluded that the experimental
results confirm qualitatively the o-particle model of a C12 nucleus in the

6
two-nucleon model of wm-meson absorption by nuclei. The angular distributions
between beams of secondary particles also point to this. However, as the
authors themselves point out, the unsuccessful configuration of the diffusion
chamber resulted in many corrections. Severe difficulties also occurred in
separating the hydrogen isotopes. The use of nuclear emulsions permits more
reliable separation of secondary particles by mass. The experiment of A. O,
Vaysenberg, et al [33] obtained a mass spectrum of secondary particles genera- /124
ted during capture of 7 -mesons by light C and O and by heavy Ag and Br emul- T
sion nuclei, and it also determined the output of protons, deuterons and
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tritons. The authors discovered a large (50%) output of deuterons and tritons
with an energy > 20 MeV for Clé and 018 nuclei. The authors compare the ex-

perimental data obtained with calculations made on the basis of the theory of
direct nuclear reactions proposed by I. S. Shapiro [34-36], and find satisfac-
tory agreement with the experiment in the case when an a-particle is selected
as the polar particle. According to the data of [33] about 65% of all split-
ting of Clz and Olg nuclei occurs as a result of n~-meson capture by a virtual

a-particle, However, experimental accuracy does not always permit a final
conclusion in favor of a polar o-particle (i.e., it was not possible to explain
the form of the energy spectrum of deuterons in such a manner). It should be
noted than in almost all papers, with the expeption of that of Tomar [37],
where experimental data are compared with calculated data, only one of the
possible mechanisms of ©~ -meson absorption by nuclei is investigated, without
consideration of the other channels of nuclear reaction, which cannot but ef-
fect final conclusions.

The problem of the mechanism of w-meson capture by nuclei has not been
completely resolved and requires further experimental and theoretical study.

2. The Experiment

Absorption of nt-mesons by nuclei. Investigations were carried out using
a nuclear emulsion. The emulsion chamber, consisting of 90 layers of a 10 x 10
cm BR-400 nuclear emulsion, was placed in a beam of nt-mesons of the OIYAI
synchrocyclotron. The primary energy of mf-mesons was determined by the curves
of the m*-meson paths in the emulsion. Figure 1 presents the differential
curve of the n*-meson paths in the nuclear emulsion: AN/N is the relative num-
ber of n*-meson stops over a path of 0.4 cm. The mean path of m*-mesons is
equal to R = 7.9 £ 0.9 cm, which agrees with the average meson energy in a
beam of ETT = (82,0 £ 6.0) MeV. Corrections taking into consideration the

scattering effect on the particle path [38] were introduced when determining
the mean path of n*-mesons. Absorption of n*-mesons by emulsion nuclei was
recorded in a 2 cm wide strip at a distance of 1 cm from the forward edge of
the emulsion layer relative to the n'-meson beam. The energy of the n'-mesons
in this case was (70 = 8) MeV.

Distribution of stars by number of beams. The track of a charged parti-
cle with a path of R 2 10 microns was considered to be the beam. This agrees
with the energy of the protons EP = 0.8 MeV, of deuterons Ed > 1 MeV, of

tritons Et > 1.5 MeV, and of oa-particles Eu > 3 MeV.

Cases of nt-meson interaction with nuclei were determined by two observers
independently of each other. This made it possible to determine the total true
number of events (N = 734). Distribution of the number of beams is presented
in Figure 2. This distribution is characterized by an average number of beams
per star of n = 3.3 * 0.2.

The indicated resglt coincides with data of other experiments [29, 32],
and indicates that a 7 -meson is captured by a small complex of nucleons.

The maximum number of beams observed per star is equal to 7.
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Output and mass spectrum of secondary
charged particles with an energy greater
than 14 MeV in two-prong stars. The
study of two-prong stars is of special
interest from the viewpoint of the

study of direct processes. Cases of
n*-meson interaction with nuclei were
determined by scanning the emulsion by
area. Two prong stars with a track length of R > 10 microns were recorded. A
total of 1,300 stars were found. The track particles continued until they were
stopped in the emulsion stack or exited from it. Thus, events of n-elastic
n¥-meson scattering in nuclei were excluded. Tracks with a residual path of

R > 0.1 cm and an angle of inclination in the undeveloped emulsion of a < 30°
were selected for analysis of particles according to mass. A total of 463
particles were selected.

g 7 3 4 5 6 7 on

Figure 2. Distribution of Stars by
the Number of Beams at a Track Length
of R >10 microns (Errors are Statis-
tical).

Measurement of secondary particle masses was accomplished by the multiple
scattering method (the method of a constant sagitta).

The distribution of second differences D2 for secondary particles is given

in Figure 3. Calibration was accomplished for further processing, for which
protons contained in the primary beam and remaining in the emulsion were used.
It turned out that distribution of second differences for these protons is de-
scribed by the normal lull with parameters of < D2 > = 0.568 microns and o =
= 0.100 microns. P

Figure 4 shows the distribution of second differences Bép for calibrated

protons with a residual path of R = 0.1 cm. The solid curve is the normal dis-
tribution with an average value < sz > = 0.568 microns in a dispersion of
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o = 0.100 microns. The method of least squares was used for further determina-

tion of the output of secondary particles on the assumption that p, d and t are

generated in the reaction. We then know that measured distribution D2 is in the
form

N (Dz) = a,f, (52) + ayfy (—Dz) + a,f, (Bz)

Here ﬁé is the value of second difference, fp’ f& and ft aee distribution func-

tions for protons of nuclei, deuterons and tritium, respectively, ,and ap, g

and o, are the weights of specific states,

t
éﬂ"[/‘ -
N N=463 The law of distribution f for deuterons
20 and tritium nuclei was assumed to be normal
with parameters of < D2d > = 0.463 microns,
s o4 = 0.070 microms, < Eét > = 0.418 microns,
and o, = 0.063 microns.
wr It turned out as a result of calculation
that the output of protons is ap = (89.1 #
ajL + 7.0)%, and the output of deuterons ay =
. = (10.9tZ'8)%. Tritium nuclei were not dis-
/) S SR : =4 covered.
0 02 03-04 05 46 47 0,8 49101,

Kinematics of two-prong stars. In this
paper we selected 125 two-prong stars, in
which both particles were identified as pro-
tons, the tracks of which ended in the emul-
sion.

Figure 3. Distribution of
Second Differences for Parti-
cles of Two-Prong Stars..

N = 463.

N—————— | Two protons may be generated as a result
N T of n*-meson capture by a pair of n-p nucleons.
N=64% If we assume that a 7' -meson with an energy of
: 70 MeV is absorbed by a quasi-free n-p-pair,
wl 1 the maximum energy carried away by the proton
is equal to 140 MeV. This epergy value is
approximately 200 MeV in the case of m*-
meson capture by a single nucleon.

UQJ ot 05 08 07 08 Energy distribution of protons in our

experiment has a maximum value of E_ =~ 150 MeV.
Figure 4. The Proton Line
Measured in the Tracks of
Calibrated Protons with a
Residual Path of R = 0.1 cm.

We can therefore assume that w*-meson capture
by a single nucleon does not exist when two-
prong stars are generated.
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Primary particle escape into the 10 Qﬁ 07 02 06 1
forward hemisphere is observed in an- T Tsx

gular distribution of proton escape.
The coefficient of asymmetry is equal

to 0 = N. - NH/Nb Ny = 0.30 0.19. Figure 6. Angular Distribution

B Between the Total Pulse of Two Pro-
Anisotropy of the beams relative to tons and the Direction of 7 -Meson
the direction of m*-meson motion is Motion.
not preserved when the energy of secon-
dary particles changes. The coefficient /129

of asymmetry is a = 0.28 * 0.03 for 300,

two-prong stars, on which no limits were placed relative to the paths and an-
gles of inclination to the emulsion plane. This result agrees with the data
obtained in [7, 29].

Figure 5 shows the distribution of protons according to the space angle

6 between them in a laboratory system of coordinates. It is obvious from the
graph that approximately 70% of the cases has an angle of divergence 6 > 120°.
Proton distribution of this group of stars according to the angle between the
beam and direction of m'-meson motion was isotropic (coefficient of asymmetry
a = 0.18 * 0.15). This circumstance indicates that the event selected occurred
as a result of the direct process, without preliminary n*-meson scattering in-
side the nucleus. It was also discovered that the total pulse of two protons
P2P preserves the pulse path of the impinging n*-meson (Figure 6).

Distribution of total kinetic energy E2p and total pulse P2P of two pro-

tons is given in Figures 7 and 8. They are characterized by an average value
of total energy E2p ~ 115 MeV and P2p ~ 330 MeV/c, respectively. The lack of

a balance of energy and pulse could be explained, assuming that neutrons are
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Two-Prong Stars.

present in the final state. However, this is apparently contradicted by the
angular distributions of secondary particles. Thus, the measurement results
obtained indicate qualitatively that no more than two rapid particles are gene-
rated in the final state. The nature of the energy spectrum in this case sug-
gests the presence of a significant portion of mt-meson capture by pairs of
nucleons in low-energy states.
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STUDY OF THE PHYSICAL AND CHEMICAL PROPERTIES OF THE SURFACES OF
SOLIDS USING NUCLEAR y-RESONANCE [THE MBSSBAUER EFFECT]

1. P. Suzdalev

ABSTRACT. This paper reviews research in the field of sur-
face effects as displayed by non-transfer nuclear vy-
resonance (the Mossbauer effect) in applications to atoms
located on the surfaces of solids. This paper considers the
two groups of the parameters of NGR spectra. The first
group is characterized by atomic oscillation on the sur-
face, by the forces linking the atom to the surface and by
diffusion along the surface. The second group characterizes
the electron state of an atom on the surface, the nature of
its environment, and the presence of electrical and magnetic
interaction of the nucleus with its electron shell.

I. Introduction

Non-transfer nuclear y-resonance (the Mossbauer effect) has recently begun /131
0 be used intensively to study the different types of phenomena on the sur- T
Taces of solids, and also of highly dispersed systems and then films. We know
-hat the Mossbauer effect is the emission or absorption of non-transfer vy-
janta [1], i.e., it is a purely nuclear effect. However, the exceptional
sharpness of resonance tuning caused by the small value of the ratio of the
level width to the radiation energy permits the study of the electron envelope
f nuclei, the characteristics of the chemical bond, and of electrical and
nagnetic fields [2]. Applicability of NGR to investigation of surface phenomena
is based, in the first place, on the rather high sensitivity of the probability
»f the effect and width of the spectrum lines to the nature of the oscillations
:md atomic diffusion on the surface, and secondly, on the sensitivity of the
_.ype of spectrum to the nature of the chemical bond and the presence of elec-
-rical and magnetic fields. There are however two substantial restrictions on
‘he applicability of the method to investigation of surface phenomena--the
iimited number of resonance nuclei suitable for study (iron, tin and gold are
sresently being used), and the requirement for sufficient density of nuclei
r.101 8 particles per cm?) in the absorbent, which requires that materials
1aving a highly developed surface--hundreds of square meters per 1 gr--be used.
'hese are highly dispersed systems of metals, oxides, salts, silicagel, alumino-
iels, zeolites, unrestricted ion exchangers and ion exchange resins. By using
: radiation source as the material being investigated, we can increase the sen-
sitivity of the method, but this is less convenient.

Despite the fact that only the first steps have been made in the field of

1sing NGR to investigate the surfaces of solids, some basic trends may already
e formulated. 121
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1. The structure of adsorbents.
2. The dynamics of atomic motion on the surface and surface diffusion.

3. Elementary processes of absorption and catalysis. The chemistry of
surface compounds.

4. Highly dispersed systems and films.

5. Topochemical reactions.

Before turning to a survey of experiments in the field of surface effects,
let us dwell briefly on the characteristics of the parameters of NGR spectra
when applied to atoms on the surface.

It is feasible to separate spectrum parameters into two groups:

The first group characterized atomic oscillations at the surface, the
forces binding the atom to the surface, and surface diffusion. These are the

probabilities of the effect f', the Doppler shift of the second order 8E> specs

trum asymmetry Aa (due to the anisotropy oi the Debye-Waller factor), and the

line with G;
The second group characterized the electron state of the atom at the sur-
face, the character of its environment, and the presence of electrical and

magnetic interactions of the nucleus with its electron envelope. This is an
isomeric or chemical shift GEI, quadrapole splitting of the spectrum AEQ,

magnetic splitting of the spectrum AEu’ and asymmetry of the spectrum Ap (due

to relaxation processes).
Probability of the Effect

The common expression for the probability of emission and absorption of
non-transfer y-quanta is given by the formula [3]

<X*>
f.—.:eXp(-" .f]z H

where < x2 > is the mean square vector of atomic displacement, and 7 is the
square of the wave length.

For a harmonic oscillator with a single frequency w and a mass m {4, 5]

< x, > = h/2mw coth hw/2kT, which at high temperatures yields < X, > = KT/mw? ~

2
~kT/«, where « is the force constant.

Using this simple model, we may qualitatively characterize the dynamics of
atomic motion at the surface. Atoms at the surface of a solid may occupy two
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positions--on the surface (Figure 1 a and b} and in the surface (Figure 1, c¢

and d). The position of an atom inside the solid is also shown in Figure 1, e

for comparison. If we examine a simple cubic lattice and assume that «k is
proportional to the number of bonds with close neighbors of a given atom and /133
with neighbors following the latter, the bond aligned perpendicular to motion o
being ignored, then for different positions of an atom at the surface and for
different directions of oscillations we obtain different values of «:

#~1+4=05 bonds;

2~04+2=2 »
c #a~1+4=5 »
d #~2+ 6= »

e #~248==10 »

Figure 1. Three Types of Atomic Bonds at the
Surface of and Inside a Solid.

Thus, < x2 > for surface atoms increases noticeably and becomes 1.2-5 times
greater than for internal atoms, and anisotropy of atomic oscillations at the
surface occurs. The amplitude of oscillations perpendicular to the surface is
greater for atoms at the surface (Figure 1, b and d) than the amplitude of ato-
mic oscillations parallel to the surface

<xX2> 3
LA, il

8
<x2>" % 5
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On the other hand the amplitude of atomic oscillations at the surface para~ /134
llel to it (Figure 1, a and c) is greater than that in a direction perpendicular
to the surface

<x*>, *y
et =

<X2> I "‘.L

2
—5— .

Ric! [6] investigated the model of a semi-infinite cubic lattice taking
into consideration the interactions only with close neighbors and determined
that < x? > is noticeably greater for surface atoms than for those inside a
solid, the difference increasing as temperature increases. For example, the
probability of the effect where T = 93° K for internal atoms exceeds the pro-
bability of the effect by 26% for atoms at the surface. As temperature in-
creases to T = 284° K, this difference increases to 60%. However, as the atom
moves away from the surface into the solid, the difference in values of < x2 >
between internal and surface layers diminishes rapidly and almost coincides
(with an accuracy to 0.01%) after the fifth layer from the surface of a value
of < x2> for surface and internal atoms. Maradudin [7] investigated a
model of a central-type cubic lattice with consideration of interaction with
close neighbors and those following close neighbors. The anisotropy of osci-
llations of surface atoms was considered in comparison with the preceding model
[6]. Since the mean square of atomic displacement at that time for the first
layer perpendicular to the surface < z2 > is two times greater than for inter-
nal atoms, this difference is approximately 30% for the mean squares of atomic
displacements in the plane of the surface-- < x2 > and < y2>. As in the pre-
ceding model, the difference in mean squares of displacements for surface and
internal atoms disappears at the fifth layer from the surface. Clark, et al
[8] carried out similar calculations for atoms at the surfaces (100, 110, 111)
of a monocrystal of silicon.

Doppler Shift of the Second Order

Doppler shift of the second order is given by the expression
o £ 2~ .
oED=-2—6;<V >3

E is the energy of y-transition, and < V2> is the mean square of the velocity

of resonance nuclei.

For a harmonic oscillator with a single frequency w and mass m [3]

Hw c % Lo
V> = —cth .
<VE> 2m kT

At high temperatures /135
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rT h2w? kT —_}LQ_/__

v2 ’\J —— “L‘ —— l - N
<vi> m  12mkT m 12mhT

Assuming « to be proportional to the number of bonds, we conclude that
GED is less for surface atoms than for internal atoms. The second term in this

formula is a quantum correction. However, it is very important, because it
permits us to calculate the dynamic matrix from which we can derive the
equation of motion in real crystals.

Asymmetry of Quadrupole Splitting

In connection with the fact that < X2 > for surface atoms has a clear
anisotropy, it is natural to expect a noticeable asymmetry of spectrum compo-
nents with quadrupole splitting due to the anisotropy of the Debye-Waller
factor [9-11]. This phenomenon is called the Gol'danskiy-Karyagin effect.

When there are many surfaces oriented in a different manner for transition
of 3/2 » 1/2 M1, the asymmetry is given by the relation

I= }(1 + cos?0) [ (6) sin0dl
A: 7 = —0 S
c/5

} (—g‘—cosﬁo > F(0) sin (dd
0

Here 7 is the transition of (* 3/2) - (+ 1/2), o is the transition of (+ 1/2) -
+ (£ 1/2), and 6 is the angle between the direction of y-quantum escape and the
electric field gradient.

It is necessary and sufficient that £ = £(6) for asymmetry to occur [10].
In order to determine A from the spectrum, it is necessary however to know the
direction of the electrical field gradient and its sign in order to determine
to which line the transition of * 3/2~+ % 1/2 and = 1/2 > * 1/2 correspond.

Writing £(6) = exp (-kzxz), we obtain

1
[ (@ 4 u) exp (— eu?) du
0

A O :
1

3‘ (—g— — u'l) exp (— eu®) du
0

where u = cos 6, € = k2 [< 22 > - < x2 >ﬂ and < 22 > and < x2 > are the squares
of the amplitudes of atomic oscillations in the direction of the electrical
field gradient and perpendicular to it. Numerical values of A = f(e) [12]

are given in Figure 2. As the temperature increases, the anisotropy of the
Debye-Waller factor should increase, and asymmetry of the spectrum increases.
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Line Width

A T T [ - A_ I T I
2 py i Surface atoms may diffuse along
’ ’ b\‘\\\ the surface of a solid as a result of
29r 10; i | jumps from one localized position to
{ \\\\\>' another, which leads in certain cases

Ler o to widening of the NGR line. The co-
170 \\\\ 0T 0 s efficient of self-fusion is ~ 10t1-1012
oy ‘ \\\\\§~__;;:;;j cm?/sec for atoms inside a solid, which
s is several less than the value required
05+ - for observation of line spread. Co-

o ] efficient of self-diffusion increases
-1 _é _; % -7 0 2 4 6 8 £ sharply near the point of fusion, but

it is difficult to discern line spread,
because the probability of the effect
becomes very small. Line spread of the
NGR spectrum at a sufficiently large
value of the effect, due to the speci-
fics of the atomic bond at the surface
may be observed in the case of surface atoms in connection with the common

low activation energies for self-diffusion--several kilocalories per mole.

Figure 2. Dependence of Asym-
metry of the NGR Spectrum on
e =k2( < z2> - < x25),

In the case of diffusion as a resylt of jumps (self-diffusion), the pro-

bability of the effect f ~ e_2w'e_FDlt. If 7 is the distance between two cen-

ters of localization, FD = 6D/12, where D is the coefficient of diffusion.

Maximum line spread in this case [13]

where T = l/FD is the arrival time of the atom or molecule at the point on the

surface until its transition to another point. For example, we can discern a
spread for Fe®7 (natural level width of T = 4.5-10"° ev), if 2T + Ae > 1078 ev,
which yields 7 < 1.4-10"7 sec, and D > 1.2:10"% cm?/sec (Z ~ 41078 cm).

In practice however the lines are almost never of natural width, which may
depend on the spectrometer, the radiation sources, the thickness of the model
being studied, the presence of crystalline fields which widen the line, etc.
Therefore, the coefficient of diffusion should be several times greater than
1.2-107° cmz/sec, in order to discern a spread because of diffusion. Deter-
mining D = f(T) from the experiment, we can calculate the activation energy
Q for a given diffusion process. Activation energy may also be found from the

value of 7 (1 = Ty ©Xp Q/RT), where R is the gas constant, and T is temperature.

Isomeric Shift

Let us now turn to the second group of parameters of NGR spectra, related
to the electron environment of a resonance nuclei.
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The chemical shift is given by the expression [14]

N S S R N v o002
ok, = 3 =/e [<re%: <’b>] “ 4 (O)al l (Olsl B

Here Ze is the charge of the nucleus < rixc > and < rg > are the mean square

radii of the resonance nuclei in excited and basic states, |w(0)a|2 and

MONE
s

the absorbent and the source. There are as yet no experimental data on the
change of GEI for surface bonds having a single chemical formula with poly-

crystalline compounds. Actually, it is difficult to anticipate the change of

are the squares of the wave functions of electrons in the nucleus for

chemical shift in the case of a fixed close environment of the resonance nuclei.

Quadrupole Splitting

In connection with the fact that the surface of a solid has a clearly de-
fined anisotropy, we may expect in most cases axial symmetry of the electrical
field gradient aligned perpendicular to the surface. For a nucleus having a
quadrupole moment Q, spin I, and a magnetic quantum number m, the quadrupole
level shift is

o Q B3mr—1( 1),

022 [41 (21 — 1)]

and quadrupole splitting, i.e., for nuclei with

3 = 19V
1.—_7AEQ— T o Q.
Quadrupole splitting may be greater due to polarization of internal d-electrons
by the external crystalline field.

There will be a deficiency of p-electrons and 32\//822 > 0 along the axis
of z (perpendicular to the surface) for the case of an atom located on the sur-

face, if p-orbits (i.e., in the case of SnO at the surface) are part of the bond.

In distinction from the chemical shift 82V/822 increases substantially for
surface bonds, because an atom at the surface is in a less symmetrical environ-
ment than one inside a solid, which yields large values of AEQ.

Magnetic Splitting

Magnetic splitting between two neighboring sublevels is
AE, == 11'_1{; py == Gl
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where u . is the nuclear bohr magneton, g. is the nuclear level g-factor with a
0 I g

spin of I, anduI is the magnetic moment of the nucleus.

Since the surface is formed by a two-dimensional lattice, we should not
expect to find magnetic fields in nuclei which could cause magnetic splitting
for atoms located on the surface. The spin wave theory of ferromagnetism pre-
dicts that ferromagnetism is a three-dimensional effect in that a two-dimen-
sional lattice may not have a spontaneous magnetization. It was shown [15]
that magnetization drops off sharply when the thickness of the lattice becomes
less than 5 constants of the lattice. However, in the case of slightly porgus
adsorbents, i.e., for zeolites, where the dimensions of the pores are 5-15 A,
and of highly dispersed systems of certain metals and oxides, we can expect a
magnetic field in the nucleus at low temperatures. As temperature decreases
spectrum asymmetry with quadrupole splitting may also occur due to increase of
relaxation time of electron spin [16, 17].

Let us now turn to the experimental papers in the field of investigating
the surface of a solid using NGR.

Adsorbent Structure

Papers [18, 19] investigated zeolites of Y (faugazite) and M (mordenite)
with cations of iron and ion-exchange resins of KB- 4 and KU-2 w1th cations
of iron, and AV-16 and AV-17 with anions of (FeCNé)‘ , (FeCN6)‘ and (SnC16) 2,

We know that zeolites (molecular screens) are crystalline structures with
poor dimensions of 5-15 A. There are cations of metals in zeolites in order to
compensate the negative charge of tetrahedrons [A104]‘ . Cations of iron were

introduced 1n the zeolite by cation exchange of Na for Fe enriched by 89% by
isotope FeS7. Spectra of Fe®’™M and FeS”Y were obtained with a source of Co®

in Cr up to and after adsorption of (CH ) Sn, CH OH and n- C6H Figure 3 shows
the spectra of Fe®7Y, Fe®’Y + n- C6H14 and the spectrum of the adsorbent (CH3)4Sn
in Fe®7Y. The appearance of NGR-spectra of iron after adsorption of these sor-
bents changes substantially. New lines appear which are characteristic for
Fe2+(AEQ ~ 1,5 mm/sec at 93° K), the intensity of which is much more dependent

on temperature than that of Fe3* lines. Moreover, the type of adsorbent of Y
and M has a much stronger effect on the appearance of the Fe2* spectrum than on
the appearance of the molecule adsorbed. The Fe2+ spectrum in zeolite M yields
more quadrupole splitting (AEQ ~ 3 mm/sec at 93° K) than in zeolite Y (AEQ ~

~2.5 mm/sec, 93° K). The Mossbauer spectrum of snll® for tetramethyl tin,
adsorbed in zeolite Fe®’Y (See Figure 3), when compared with the data of [22],
indicate in the given case that the tin is linked with the oxygen complex of
[A104]' This so far as we know is the first experiment when the state of the

adsorbent (zeolite Y) as well as that of the adsorbate——(CH3)4Sn has been

studied according to the NGR spectra of different isotopes.
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It is difficult to imagine that
during adsorption, for example, of
n-hexane, reduction of a Fe3* jon
to Fe?* may occur, and therefore the
natural assumption remains that Fe2™
ions were in the zeolite even before

adsorption of (CH314Sn and C6H14’ but

they did not give NGR spectra, since
they were in a non-localized position
before adsorption [20, 21]. This con-
czlusion is strengthened by the sharp
temperature dependence of the pro-
bability of the Mossbauer effect for
Fe2*. After adsorption, localiza-
[P U T S T SR tion of Fe?* ions takes place in the
2012 4 zeolite channels and spectra '"appear",
Velocity mm/sec characteristic for non-localized
states of Fe?*, Strong quadrupole
splitting of Fe2?* into Fe®™M com-
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Figure 3. Nuclear y-Resonance

Spectra of Zeolite Y: 1, Fe37 pared to Fe37Y occurs in connection

Before Adsorption, 93° K (NGR of with less.symmetry ip the channgls

E = 14.4 kev); 2, Fed7Y + (CH.),Sn of mordenite (an ellipse) than in the
> 3’4 channels of Y (a circle). The weak

After Adsorption of (CH3)45n (NGR temperature dependence of the value

3+ :
Gf B, = 10k ka)s 3, FASY o (cny),gn OFthe affect for Fel! churastorises
After Adsorption of (CHB)MSn (NGR the zeolite lattice, i.e., trivalent
of E, = 23.8 kev). The dotted lines ions of iron are located in all pro-

bability in localized positions.
denote individual spectra super-

position of which gives the obser- The temperature dependence of
ved (by points) complex spectra, AEé+ = f(T) was studied. 1In all
indicated by the solid lines. models AEé+ increased sharply as tem-

perature decreased. Thus AE. =

= 1.68 = 0.09 mm/sec (293° K) and

AEQ = 2.98 + 0.09 mm/sec (93° K) for a spectrum of Fe?* into Fe®’M + CHOH.

A similar temperature dependence is characterized by the change of the input
of the electric field of gradients determined by different electron energy
levels of a Fe?* ion into total gradient, according to the Boltzmann multiple

e_A/kt, where A is the position of the electron energy level.

Ion exchange in ion-exchange resins (cationites) [19] was accomplished by

dissolving Fe203, enriched by 89% by a Fe®7 isotope in hydrochloric acid, and

with subsequent exchange in this solution of Na ions and a resin proton for
Fe3*. A highly dispersed form of iron hydroxide was also obtained in the resin
pores after processing of the NaOH cationites. Ion exchange was conducted in
the anionites from aqueous solutions of K4(FeCN6), KS(FeCN6) and (NH4)ZSnC16.
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Ion-exchange resins in distinction from zeolites are amorphous polymers,
in which the basic chain with fixed ions (negatively charged for cationites and
positively charged for anionites) are cross-linked by bridges, i.e., by divinyl
benzene. However, degradation may occur in the process of resin synthesis,
and readily oxidizable groups appear in the region of the cross-links. As a
result further reduced groups appear in the resin instead of functional, ion-
exchange groups. Actually, as the NGR spectra in Figure 4 indicate, there are
such groups in KU-2 resin which reduce Fe3* to Fe?*. 1In connection with the /141
simplicity of finding Fe2* in the NGR spectrum of iron, this method may be used ~
to analyze the oxidizing degradation of the resin during synthesis.

Experimental results indicate a
substantial difference in the values
of the effect for KU-2 and KB-4. The
value of the effect for KB-4 resin is
much greater, and its temperature de-
pendence is somewhat weaker than for

——— "

NN N
- N L)
T T T
—

207 FE3* in KU-2. This refers to the more
19] stable bond of the iron ion in resin
] Z with carboxyl groups compared with
sulfo resin, since the bond strength
9 J of functional groups with a polymer

5

network in both resins is almost
identical. There is an even greater
difference between KU-2 and KB-4 when
they interact with water. Swelling of
M KU-2 in water leads to total disap-

[N

N
~

Number of readings x 1073
~ 5

20—

21§72 Youm/sec pearance of the effect. This indicates
the sharp increase of the mean square
Figure 4. NGR Spectra of Cateonites of displacement of the resinous atom,
at T =77° K: 1, KB-4; 2, KU-2 (the and, subsequently, agrees with the
spectrum is superposed on the consti- concepts of the formation of a dif-

uent components--the Fe3% spectrum is fusion layer of exchange ion in sulfo
the dotted line and the Fe?* spectrum resin. On the other hand, when KB-4 is
is the solid thin line); 3, Fe(OH)3 swelled in water, the effect does not
in KU-2. disappear and, consequently, Fe3* ions
remain fixed at their exchange centers.
Since a molecule of n-hexane in dis-
tinction from H20 is nonpolar and incapable of forming a donor- gcceptor bond

with an iron ion, disassociation or weakening of the ion-polymer bond is ex-
cluded in this case as a result of the interaction of the ion with the mgle-
cules of the liquid. It follows from this that straightening of the resin
changes when they swell in themselves and results in a decrea§e of fgrce .
constants and accordingly to an increase of the amplituqe of ion osglllaFlons.
The assumption that iron ions in KU-2 are converted_dur}ng interaction with
water to a liquid phase, in that those in KB-4 remain fixed at ?helr.exchang? .
centers, is confirmed by the results obtained in thgse same resins W}th percipi-
tated iron hydro oxide in other pours. Reconstitution of iron ions 1n KU-2

into a hydroxide results in the appearance of the Mos§bauer effect in hydrated
resins at room temperature. The effect in KB-4 in tbls case 1s.natura11y
preserved. The values of the effect in ions and in iron hydroxide are /1
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approximately equal in non-aqueous resins.

It is interesting, however, that

swelling in water results in a decrease of the effect not only in the ions,
but also in the iron hydroxide, the value of the effect decreasing even more

sharply in a hydroxide of KB-4 than in ioms.

This permits us to conclude

that iron ions in hydrated resin with carboxyl groups is almost completely
fixed at the exchange centers, and a significant decrease of the effect during
swelling in water is explained mainly by the increase of the amplitude of
fixed ion oscillations, and not by transfer of part of the ions to a liquid

phase.

According to extraction conditions iron hydroxide and resins is either in
the form of individual molecules linked to a polymer lattice by van der Walls

forces, or in the form of aggregates,
molecular.

the dimensions of which are close to
The result of such a highly dispersed state is spectrum asymmetry

[5, 12] and an increase of quadrupole splitting of AEQ = 0.77 * 0.08 mm/sec

at 300° K, at the same time that AE
Fe(OH)3 [2].

Q

= 0.55 mm/sec for ordinary polycrystalline

It is interesting to note that the value of the effect on hy-

droxides in non-swollen resins hardly changes in the range from 77° K to 300° K,
while the highly dispersed state of a substance is characterized, on the

other hand, by a sharp temperature dependence of the effect [27, 28].

We may

assume that iron hydroxide is subjected to severe compression in the pours
when the resin is dried out, as a result of which the temperature dependence
of the oscillation amplitude of hydroxide surface atoms decreases sharply.
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Figure 5. Dependence of the Change

of Value of the Mossbauer Effect on the
Amount of Water in the Resin: 1,1',
KB-4 (T = 77° K, 300° K); 2,2', Av-16
with (FeCNG)'” (T = 77° K, 300° K);

3,3', AV-16 with FeCNe)'3 (T =77° K,
300° K).

Turning now to investigation of
the structure of ion-exchange resins--
anionites, we must note the fact
that iron in anion is screened by
ligandami and is less sensitive to
the structure of the resin. However,
even for anionites there is an ef-
fect of the resin swelling influence
on the value of f'., Figure 5 shows
the decrease of f' for anionites de-
pending on the amount of water ad-
sorbed. When the effect disappears
completely, we can estimate the mini-
mum amount of water required for com-
plete rupture of the anion bonds
with resin. It also turned out [19]
that the electrical field gradient
in a Mossbauer nucleus in highly
basic anionites AV-17 is significantly
greater than in poly funetional
anionite AV-16. A (FeCN6)'3 ion is

most sensitive to a change of the
electrical field gradient.
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The Dynamics of Atomic Motion on the Surface and Surface Diffusion

The first experiment in this area was done to study the dynamics of the
atomic motion of iron on the surface of nA1203 [12].

NGR spectra are given in Figure 6.

The chemical shift of GEI = 0.45 mm/sec

indicates that.adsorbed iron is in a tri-
valent state. Quadrupole splitting of
AE, = 1.06 mm/sec demonstrates a high

Q

electrical field gradient due to the asym-
metry of the surface distribution of iron
ions. Asymmetry of the spectrum lines
appears at 300° K due to the anisotropy
of the thermal oscillations of an atom on
the surface. Assuming the sign of the
electrical field gradient to be positive,
we may conclude that projection of the
moment of a nucleus of 3/2 corresponds to
the upper level of the excited state.
Figure 6. NGR Spectra of Fe®7, From the value of asymmetry of A, aniso-
Chemosorbed in A1203. tropy of the oscillations of iron ions is

in a direction normal to the surface, and

parallel to the surface. When T + 300° K
<z2> - <x2>~ 1 x10*!'8 cm?, i.e., the amplitude of atomic oscillations
normally toward the surface is greater than parallel to it. This corresponds
to chemosorption, when an atom is located in the surface of a solid. However,
the authors did not calculate absolute values of < z2 > and < x2 > in this
paper. This was done for atoms of ten chemosorbed on the surface of silicagel
with a specific surface of ™~ 300 m2/g in the form of SnO [5].

Absorption 77°K, rel uni
>
Absorption 300°K, rel unit

P e B A R A B
Velocity,mm/sec

Figure 7 shows the spectrum of SnO at T = 213° K. The figure shows
spectral decomposition with the help of the M-20 machine for a single line of

Sn02°nH20 (1) and a doublet corresponding to SnO (2). As can be seen from the

figure, spectral asymmetry (T = 213° K) appears as temperature increases. The
‘electrical field gradient is axially symmetrical and its value is greater than
zero for surface SnO due to the lack of electrons along the z axis [23]. Since
the quadrupole moment of the nucleus of Snll9Q < 0 [24], the nuclear level with
my = 3/2 is located lower than my = 1/2.

Experimental determination--A = 0.80 * 0.08 (at T = 213° K) yields < z2 > -
- <x2> Sn0 = 1.3-10718 cm?.

Thus, the mean square of the displacement of an atom of ten in a direction
normal to the surface of the globule is greater than that along the surface.
Assuming that < x2> = < y2 >, and using the value of f for Sn on the surface
of silicdgel, we can find
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LBZ> — <x2> = 1,3-10718 cu?;
. o
2 <LB> 242> =277.10718 cu?,
p
.U)
g hence < x2 > = 0.46+10-18 cm? and < 22 > =
3 = 176+10718 cm?. The difference in
“ < x2 > and < z2'> disappears at a tempera-
o ture of 93° K.
—
-é N P%per [25] investigated the dynamics
2 TR T T m w0 2w of Co®7 motion on the surface of tungsten,
Number of the channel i.e., the radiation source was used as
the object of study. A 0.1 monolayer of
Figure 7. The NGR Spectrum of Sn Co%7 was evaporate? onto a tungsten sub-
on the Surface of Silicagel: 1, strate. The experiment was conducted in
for Sn0.+nH,0; 2, for Sn0. The a vacuum (107° mm Hg). Measurements were
2 2 made for two angles between the direction
number of the analyzer channel of of y-photon escape and that normal to the
lcs= 0.052 mm/sec is plotted on surface of the sample (6 = 0 and 60°).
the axis of the abscissae, and The spectrum consisted of three unresolved
the selected number of pulses-- lines. The central line indicates the
along the axis of the ordinates. temperature dependence corresponding to a

Debye temperature of 403° K, and corres-
ponds to Co®7 atoms diffused inside the
tungsten. The two outer lines give = 354° K for oscillations perpendicular
perp

to the surface, and (b = 255° K for oscillations along the surface. These re-

sults agree with the following relationships for mean squares of the displace-
ments of Co®7 atoms on the surface of tungsten.

- <x%>
—_<i_—>—_"—:1)9:}:014; ——‘_2 .bL .=1,3‘j:0,2;
<xP>, <x*>jinside

_;ffzilﬂ_:: 25+ 0,5.

<x*>:inside

The atoms of Co%7 here in distinction from the papers [5] and [12] are on the
surface and the mean square of atomic displacement along the surface is greater
than that normal to it.

In [26] a 0.01 monolayer of Co®7 was evaporated onto a silicon surface
(100) and (111), previously cleaned in a vacuum. The spectrum yielded two
lines with AEQ = 0.7 mm/sec because of the electrical gradient on the surface.

The Co57 diffused internally at 1000° K and the spectrum resembled that of
Co°7 inside silicon. It was established that in the temperature range of 300
and 800° K, the Doppler effect of the second order yields 6ED/E = - 2.05

+ 0.16+1071 5/K0 for atoms on the surface and GED/E = - 2.17 + 0.16-10715/k0
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for internal. As a result experimental confirmation was obtained of the de-
crease of the shift due to the Doppler effect of the second order for atoms
located on the surface.

Let us now dwell on the dynamics of motion of atoms on the surface of the
solid not because of adsorption, but due to the fact that they are boundary
atoms in a normal crystal lattice.

Highly dispersed white tin with particle diameters of 250, 370, 650 and

1550 A were investigated [27]. The average size of the particles is determined
_with the help of an electron microscope., The dependence f' = F(T, d) was in-
vestigated. The results of the investigations indicate that f' decregses as

the diameter of the particles of tin decreases, beginning at d = 600 A, and

the temperature dependence becomes sharper. Figure 8 shows the decrease of the

value of f' at 93° K as the diameter of the particle decreases and as the /146
specific surface o increases, f' - f'®~x - 1/d (f'_ is the probability of

y-resonance of a foil of BSn, and d is the diameter of the particle), and a
~ 1/d, i.e., the change of f' and o correspond to the same law. This indicates
a direct link of the decrease of f' in highly dispersed tin with an increase of
the specific surface. Assuming that decrease of f' is caused only by atoms of
tin going into the surface layer to a depth of five constants of the lattice,
the values of f' were calculated according to [6; 7]. The experimental

~

theor
results in this case indicate that f' for surface atoms decreases much more
rapidly than follows from theoretical models. The Debye temperature was cal-
culated for particles with a different diameter,and for five surface layers.
The estimates given foroparticles with d - 600 A are 6 = 135° K; d = 370 A,
= 130° K and d = 250 A, 6 = 120° K. The average for five surface layers is
6 ~100° K. Weak forces influence surface atoms of BSn, which causes an in-
crease of the mean square of atomic displacement and a decrease of f'.

Paper [5] also investigated the
dynamics of the motion of atoms of tin,
sorbed due to physical sorption on the
surface of silicagel in the form of SnOZ'

frel. unit d,relé *nH,0. Figure 9 shows the dependence of
] f luni
6% 47  the value of the effect on temperature

d77 for chemosorbed tin and tin sorbed due
030r {7p  to physical sorption. In connection
ig with the fact that chemosorbed atoms of
§ tin are maintained on the surface by
2l |, stronger bonds than physically sorbed

, atoms of tin which are bound to the sur-
‘ face by weak van der Walls forces, the
500 af temperature dependence of f' for chemo-
sorbed atoms should be weaker than is
indicated in Figure 9.

d’_.

0)20 1 IO Il
200 500

1 1 1

1000

Figure 8. Dependence of f' and
Specific Surface a on the Diameter of
the Particles d.
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As a result it becomes pos-

» sible to separate physical and
s I chemical sorption. The proba-
S 1 bility of the Mossbauer effect
N in the case of physical sorption
o of Sn0,*nH,0 on the surface will
)
= % be determined by the displacement
w of an individual atom of tin per
° sy molecule and by displacement of
S I the entire molecule of Sn0,+nH,0
® T _ . . .
= oLL s s (f = fM fA). Having the experi
73 123 173 E RN mental curve of < x2 > = F(T)
for Sn02-nH20, with the help of
Figure 9. Temperature Dependence of the the dependence
Value of the Mossbauer Effect for Physically ) )
Sorbed Tin in the Form of $n0,-nH,0 (1) and < X >Sn02°nH20 = <Xty
Chemosorbed Tin in the Form of Sn0, (2). 2
2 coth 0Lmol/T FEX70 at coth
aat/T,
we find the coefficients of < Xq > and o and calculate the energy of zero 0s-
: : __ = 10" 2 = «10-2 - n° [
cillations EO ol 0.26+10 < ev and EO at 1.9°107% ev. When T = 0° K, f

is determined mainly by the value of f'A, but at higher temperatures the os-

cillations of the molecule itself play the predominant role in the decrease of
f'. The amplitude of molecular oscillations increases strongly above 230° K,

which is characterized by a sharp decrease of the value of the effect. This is
apparently related to fusion of the surface bond of SnOzonHZO. The molecule is

torn away from the localization center and begins to jump from one localized
position to another. However, due to the smallness of the value of the effect,
no spreading of the lines because of such jumps was noted.

Cation diffusion due to jumps from one localized position to another was
studied in zeolites [18] and in more detail in ion-exchange resins [19]. The
capability of Fe2* cations to diffuse in zeolite gours when there .is a molecule
of hexane present resulted in spreading of the Fe’* lines at temperatures of
213 and 293° K (Figure 10). Assuming the distance between the localization
centers as I~ A, which is related to the structure of zeolite M, we can es-
timate that T~ 3.9°1078 sec, D = 0.68-10 8 cm?/sec (T = 213° K) and 7 =
= 2.2:1078 seC, D ~1.2+1078 cm?/sec (T = 300° K). The lines of trivalent iron
in both zeolites and in ion-exchange resins did not spread as temperature in-
creased.

The self-diffusion of Fe2® cations with the presence of water and hexane
in the resin pours was studied in the case of ion-exchange resin KU-2. Figure
11, a shows the experimental dependence of Fexp = f(T). The values of Q and T

which in the case of hexane were equal to 5 kcal/mole and 7-10713 sec, and in
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Value of tne Effect, %

Figure 10. NGR Spectra of Fe®™M + n-C6H
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the case of water--0.8 kcal/mole

~and 11078 sec, were calculated on

the basis that the time of duration
of an atom or molecule on the sur-
face of a solid in a depression of
depth Q is determined by the rela-
tionship 1 = o expQ/RT. We note

that diffusion of Fe2* begins in
the region of hexane melting
(~190° K). The least energy of
activation for diffusion of Fe2*
in KU-2 when there is water in the
molecule pours is apparently re-
lated to the polar characteristics
of water molecules which decreases
diffusion activation energy.

-8

3 A 1

0 2 4 &  swayr

Change of T = f(T):
a, for Fe2t in KU-2 + H,0 (curve 1);

for Fe2* in KU-2 + CeHyy (curve 2);
b, Int = f(1/T) for Fe2* in KU-2 +
+ Hy0; Int = f (1/T) for Fe2t in

14



Elementary Processes of Adsorption and Catalysis and Surface Chemical Compounds

Study of elementary processes of adsorption and catalysis with the help of
nuclear y-resonance still reauires sisnificant improvement of the method. It is
necessary that all processes of aging the sagple, sorption and obtaining the
spectrum be carried out in a vacuum of 107~ mm Hg., Only in such conditions
is it possible to obtain a clear interpretation of NGR spectra and to compare
study of surface effects, such as infrared spectroscopy, EPR and NMR with
such widely used methods. However, the results obtained, despite nonfulfill-
ment of the third of these condltlons (a vacuum of ~ 10~ -6 during the measuring
process), permits us to draw initial conclusions about the nature of atomic
interactions on the surface of a solid.

In [22] a study was conducted of the adsorption of tetramethyl tin on the

surface of A1203, silicagel and aluminosilicate. It was shown that the ap-

pearance of the spectrum depends substantially on adsorption temperature. The
spectra of freshly prepared samples obtained at an adsorption temperature of

-30° C, differed sharply from the spectra of samples which had been left in air

for a day or more. Figure 12 shows the spectra of the reference (CH3)4Sn ad-

sorbed on Al O3 at - 30° C of a freshly prepared sample and one kept in air

for twenty and thirty-five hours.at an adsorption temperature of - 30° C. Be- /150
sides the reference tetramethyl tin, two secondary peaks are observed, which

are apparently a doublet, which may be related to chemosorbed (CH3)4Sn. In
connection with the fact that the spectra of RBSnOR' and RSSnOH are similar

to the spectrum attributed to chemosorbed (CH3)4Sn, we make the conclusion

that the adsorption sinters are either oxygen atoms or hydroxyl groups. The
presence of lines of the reference substance is attributed to physically ad-
sorbed (CH3)4Sn. Aging it at room temperature for twenty hours results in an

increase of doublet intensity. Further aging of the sample to thirty-five
hours causes a radical change of the spectrum. Two new lines appear which
correspond either to a change of the bonds in a molecule of (CH3)4Sn with ad-

sorbed sinters or a change of the properties of the sinters themselves. Ad-
sorption on silicagel and aluminosilicate takes place simultaneously, but the
rate of the processes is somewhat different as are the properties of the ad-
sorbed sinters. The conclusion about the activated nature of tetramethyl tin
adsorption is made on the basis of the dependence of the spectrum appearance
on adsorption temperature and adsorption kinetics on the type of adsorbent,
Chromatographic analysis of the gas phase of A12 3 with tetrymethyl tin ad-

sorbed on it at room temperature indicated the presence of methane and

ethane, and also small amounts of other hydrocarbons. This is apparently re-

lated to the dissociative nature of tetramethyl tin adsorption on the surface.
Significant electrical field gradients occur in connection with the asymmetry

of atomic distribution on the surface, which leads to increase of the value of
AE  on the surface.

Q
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Rough calculation of quadrupole inter-

21012345 _ Rou C 2
=TT Iy action is carried out for Fe”", chemosorbed on
X nAl,0, [12]. Assuming the position of an
c
= Fe3* ion in a surface state near an adjacent
—_ 2 neighbor of 02~ to be octahedral and assuming
2 h\\’\v/ﬁu/' ' the charge as equal to +2 at a normal distance
- to oxygen neighbors, we find the electrical
s \\\v/d/\v//fj field gradient in the nucleus for y_ (con-
s _ stants of antiscreening) equal to - 6.18. We
5 4 obtain AEQ = 1.6 mm/sec at Q = 0.28 barn,
174
= which is close to the value obtained from the
experiment.
L1012 3% pm/cec An increase of AEQ, especially at high /151
Figure 12. NGR Spectra: 1, temperatures, was also observed for Sn on the
Reference (CHB)QSn; 2, Ad- surface of silicagel [5]. The surface form

sorbed on Al.0. at T = - 30°C; of SnO has a value of AEQ =1.72 =+ 0.07 at
273. R

3, Aged in air for 20 hours;
L, For 35 hours. mm/sec), and AE, = 2.18 + 0.07 mm/sec at T =

Q
= 257° K.

T = 93° K (for crystalline SnD AEQ =1.3

Determination of the nature of interaction of adsorbed atoms during forma-
tion of an intermediate process is important for understanding the process of
catalysis.

The surface form of SnO2 in highly dispersed BSn [28] with particle dimen-
sions of 300 and 1000 A was studied. Having an electron environment similar to

the normal polycrystalline form of Sn02, the Sn atoms on the surface have large

mean square displacements which results in a decrease and a sharper temperature
dependence of f'. X-ray diffraction analysis indicated an absence of SnO, on

the surface at oxidation temperatures to 400° C. Oxidation at 500° C yielded
~50% SnO2 according to X-ray diffraction analysis. The NGR even at room tem-

perature oxidation indicated the presence of SnO2 with an unusually sharp tem-

perature dependence, which becomes normal at an oxidation temperature of 500° C.
Apparently a dioxide of SnO2 close to the amorphous phase is formed

on the surface of the particles at low-temperature oxidation (less than 400° C),
which was not detected by X-ray diffraction analysis, but which displays the
Mossbauer effect. Amorphous SnO2 changes to an ordinary crystalline state at

a temperature of ~500° C, according to X-ray diffraction analysis.

Highly Dispersed Systems

Determination of the role played by the effect of a decrease of particle
size to hundreds and tens of angstroms on the structure of such particles, the

138



frequency spectrum of atomic oscillations, the temperature of phase transitions
etc. is of special interest.

Non-magnetic materials, for example tin [27] and gold [29], are naturally
selected for easier and more reliable study of the change of the frequency
spectrum of highly dispersed particles.

An increase gf f' was obtained for highly dispersed gold with particle
dimensions of 60 A when compared with d = 200 A in the temperature range of
4-63° K. The increase of f' is related to the change of the phonon spectrum
of internal atoms in these gold particles. Actually, since the wave length of
phonons cannot be greater than a particle size of 60 R, 1ower frequencies may
not be excited in the spectrum and f' should increase. However, the effect of
surface atoms ( ~50% for two layers from the surface) is very great for such
small particles, which should cause f' to decrease. Obviously a change of the /152
frequency spectrum in the given case is so great that it overshadows the effect
of surface atoms. No changes of the phonon spectrum of internal atoms in the
temperature range of 93-300° K was noted for highly dispersed tin [27], and
the decrease of f' as the size of the particles decreases is related only to
surface effects.

The results of several experiments are known on the study of the ferro-
magnetism of highly dispersed systems and thin films. The first of them [30]

was conducted in highly dispersed Fe203 with a particle diameter of 50 R. 1t

was determined for such particles that the Neel point decreased sharply com-
pared to ordinary aFe,0; ( ~900° K) and lies between 300 and 120° K. There is

a paramagnet at room temperature with strong quadrupole splitting, and an anti-
ferromagnet at 120° K.

In [31] it was found that there is no point on highly dispersed Fe203

precipitated in silicagel pours, below which magnetization of M is parallel to
. . . _ [}

the electrical field gradient (for aFeZOSO,/.'TMorin = 263 K) and always M ] sz‘

Assuming the probability of spin flip ¢ +« where K is the constant of aniso-

tropy, and v is the volume of the particle, it was found that the energy of

anisotropy varies from 4.7-10% ergs/cm3 to 4.1-10"% ergs/cm3 for particles of

100, 135, 150, 180 A.

Another antiferromagnet FeOOH, which has a Neel point of 400° K, was in-
vestigated in [32, 33].

As the size of the particles decreases, paramagnetism increases and sus-
ceptability increases [32]. This occurs in an antiferromagnetic due to dete-

rioration of the balance of two magnetic sublattices. The Neel point decreases
as the particle sizes decrease.

The Neel point is equal to 294° K for particles with a volume of 310717,

cm3, and is equal to 210° K for particles with a volume of 1:10-!7 cm3 (~60 A).
The energy of anisotropy corresponds to 1-10% and 1.5-10% ergs/cm3. As a
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result it is obvious that highly dispersed particles are a quite suitable ob-
ject to study the time change of spin relaxation. In [33] the Neel point de-
creased for particles of FeOCH d = 500 R, while in the case of Fe203 this

decrease is observed for particles < 100 R (the energy of anisotropy is higher
for FeZOS)'

A substantial decrease of the Curie point was also found for highly dis-

persed particles of NiFe204 and CoFe204 [34] as particle size decreased, i.e.,

as relaxation time of electron spin decreaseg, which leads to the phenomenon of /15!
superparamagnetism. Ultrathin films 1.2-15 A thick, applied to silicon oxide T
were also investigated [35]. Successive layers of Fe (92% Fe®’) and 5i0 were
applied in a vacuum 3-1078% mm Hg. The magnetic field in the nucleus has a

common value for the films of ~15 A and thicker. The field for thinner films
decreases slightly; it is 4% less for 6 % than for films 15 & thick. The

spectrum of a 6 A film shows quadrupole splitting of AEQ = 0.12 +* 0.03 mm/sec,

and quadrupole splitting is completely lacking for thicker films. Quadruﬁole
splitting of AEQ = 0.6 mm/sec for 1.2-4.6 A films., All films except 4.6 A,

when measured at 4.2° K, yield the_same spectrum as those at room temperature
(6 1lines). The spectrum of a 4.6 A film consists of 2 lines at T = 298° K and
6 lines at T = 4.2° K. A mixed spectrum was observed at temperatures of

20-77° K. The data obtained indicate that the Curie point decreases as film
thickness decreases. The conclusion is made of a sharp change of the Curie
point, AEQ and H, when film thickness becomes an order of two parameters of the

lattice, which suggests the presence of a critical film thickness.
Topochemical Reactions

"Study of the mechanism of topochemical reactions is interesting both from
the point of view of preparing catalysts with different catalytic activity, as
well as from the point of view of determining the interaction of the different
phases during the reaction process. NGR spectroscopy was first used to study
the topochemical reaction of the oxidation of highly dispersed tin [28]. It
was shown that oxidation of highly dispersed tin up to the melting point is
made difficult by the SnO2 which formed on the surface; however, the nature of

oxidation changes sharply above the melting point of tin. Intensive formation
of SnO takes place, which becomes much greater for 300 A particles than for

BSn. However, spectra up to 400 & indicate the presence of non-oxidized tin,
BSn being greater at an oxidation temperature of 300° C than for SnO for par-
ticles of 1000 R. These results indicate that oxidation takes place up to 400°C
apparently due to the reaction

25n 4- O, - 28n0;
2510 — SnO, -+ Sn,

and the reaction 28n0 + 02-+ ZSnOZ, which is characterized by a disappearance /15

of SnO without formation of BSn, plays a very small role.
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Above 400° C the reaction 25n0 + 02-+ ZSnO2 becomes intense and all tin is
oxidized into Sno,, . Papers [36, 37] studied the reaction of thermal decompo-
sition of an oxalate of trivalent iron in air [36] and in a nitrogen atmos-
phere [37]. As a result of experiment [36] highly dispersed Fe, 0, was detected,

but the mechanism of its formation with, and also the stages of the reaction of
the composition of a trivalent iron oxalate were not established in this case.

The experiments of [37] investigated the decomposition of an oxalate of
bivalent and trivalent iron using a complex method--NGR and derivatography.
The derivatograph made it possible to obtain curves of weight change, diffe-
rential weight change, temperature change and differential temperature change
during thermal decomposition at a uniformly increasing temperature. Figure 13
shows the differential curves of the change of weight DTG and temperature DTA
and the spectra of nuclear y-resonance obtained at the points indicated. The
differential curves for an oxalate of bivalent iron have two minimums of 200
and 400° C, and for an oxalate of trivalent iron they have three minimums of
200, 260 and 400° C.
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Figure 13. Derivatogram and NGR Spectrum of
Thermal Decomposition of FeC,0,2H,0 (a) and
Fez(Czoh)3-5H20 (b), respectively (points at

which samples were taken for studies by the
NGR method are indicated on the derivatograms).
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NGR spectra indicate that the first phase transition at 200° C for

Fez(C 04)3 5H20 is related to decomposition into FeC204 and Fe (C 4) with

simultaneous dehydration.

3Fe, (C,0,);- 5H,0 — Fe, (C,0,); + 4FeC,0, + 5H,0 -+ 4CO,,

a certain amount of Fez(C204)3 remaining. The first phase transition for
FeC,0,°2H,0 at 200° C is simply related to dehydration of FeC,0,2H,0

274

> FeC204 + 2H 0. The third phase transition at 400° C for FeZ(C 4) SH 0 co-

incides with the second phase transition for FeC204 2H 0. NGR spectra 1nd1—

cate the appearance of Fe304 and Fe and subsequently the reaction
4FeC,0, > Fe0, + Fe + 4CO -+ 4CO,,

which is characterized by decomposition of an oxalate of bivalent iromn, is ob-
served in both cases. The relationship of the second phase transition at 260° C
with the remaining Fez(C204)3 now becomes clear:

2Fe, (C,0,); -~ Fe,O,+ Fe +4- 6CO + 6CO,.

However, this reaction yields Fe304 in a very specific state in distinction

from the preceding reaction. Figure 13 showed the NGR spectra of an oxalate
of trivalent iron at a decomposition temperature of 300° C. The appearance of
the spectra is strongly dependent on the temperature of change. At 300° K al-

most all the Fe304 is in a paramagnetic state and yields a single line in the

spectrum., Six lines characteristic of Fe304 in an antiferromagnetic state

appear in the NGR spectrum taken at 77° K. Thus, Fe304 with a severely de-

creased Neel point when compared with the normal phase (a Neel point of ~900°K)
is obtained at a decomposition temperature of 220-320° C. All of this suggests
formation of an oxide of Fe304 in a highly dispersed state with particle di-

mensions less than 100 &, and having, according to the preceding [26-30], a
decreased Neel point, in the temperature range of 220-320° C. Such properties
of an oxide of Fe304 formed make it desirable to study it further, especially

in catalysis.

The consideration given the applicability and possibilities of NGR as a
method of investigating the physical and chemical properties of the surface of
a solid shows its unconditionally high effectiveness and comparability with
results of infrared spectroscopic, electron paramagnetic resonance and nuclear
magnetic resonance.
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